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Microalgae have emerged as a promising solution for CO2 sequestration and biofuel 

production due to their rapid growth and high lipid accumulation. However, the commercial 

and industrial viability of microalgal technologies faces significant challenges. To fully harness 

the potential of microalgae-based carbon capture systems, several hurdles must be addressed, 

including low CO2 capture efficiency, sensitivity to abiotic stresses, and high demands for 

water and nutrients. Additionally, effective large-scale harvesting poses further challenges. 

This thesis explores solutions to these challenges, focusing on strain selection, optimization of 

physiochemical factors, CO₂ utilization stability, high biomass production, cost-effective 

harvesting, and water reuse. 

Initially, 12 microalgal strains were screened for their tolerance to the complex 

composition of industrial flue gas. Growth rate metrics and photosynthetic performance 

indicators were used to assess their suitability. Promising strains were further acclimatized 

through a two-stage cultivation strategy involving bicarbonate and high CO2 conditions. The 

selected strains were evaluated for their stability in CO2 fixation and lipid production under 

continuous industrial flue gas conditions. Among the strains, NCIM5584 and KMC8 showed 

the greatest resistance to flue gas chemicals, with significant biomass yield and photosynthetic 

efficiency. KMC8, in particular, demonstrated exceptional performance with a biomass 

production rate of 52.5 mg L-1 day-1, a CO₂ fixation rate of 346.43 mg L-1 day-1, and neutral 

lipid accumulation up to 20%. 

Further investigation into the adaptive mechanisms of Micractinium pusillum KMC8 

in response to varying light and temperature conditions during semi-continuous culture 

revealed that evaluating growth parameters, CO₂ fixation rates, and metabolite changes is 

crucial for commercial scale-up in outdoor environments. M. pusillum effectively adapted to 

simulated severe summer and winter temperatures and varying light intensities, maintaining 

photosynthetic efficiency and bioenergy content. CO₂ utilization efficiency ranged from 0.32% 

to 2.03%, exceeding 1.5% under high light and temperature conditions. The lipid content 

ranged from 23% to 34%, consisting of C-18 and C-16 fatty acids suitable for biodiesel 

production. Acclimation to high light and temperature conditions improved biomass quality by 

regulating and remodeling metabolites with carbon content (>50%) without affecting 

photosynthesis or growth. M. pusillum's rapid metabolic adaptations and acclimation responses 

with excellent CO₂ bio-mitigation illustrate its outdoor resilience in light/dark temperature 

regimes. 
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Further research explores the impact of initial nitrogen levels, phosphate availability, 

and light conditions on the growth dynamics, CO₂ utilization, and lipid production of M. 

pusillum. A semi-continuous cultivation system incorporating media recycling was employed 

to evaluate long-term productivity and CO₂ mitigation strategies. Logistic and Gompertz 

models were employed to analyze the kinetics of KMC8 cell growth. Doubling and quadrupling 

nitrate-based nitrogen concentrations from standard BG-11 media (17.65 mmol/L) boosted 

biomass growth by 12.5% and 28.78%, respectively, compared to the control. Increasing 

nitrogen levels to 70.6 mmol/L resulted in a pH above 7 and improved photosynthetic 

performance, leading to a CO₂ utilization efficiency of 2.27%. Nitrogen deprivation boosted 

lipid content to 26%, but reduced growth and photosynthesis performance resulted in a 67.15% 

reduction of CO₂ assimilation performance. 

Besides nitrogen, the availability of phosphorus and the intensity of light also impacted 

the mitigation of CO₂. Higher phosphorus levels and initial high light intensity resulted in better 

biomass (2.87 g L⁻¹) and lipid productivity (34.34 mg L⁻¹ day⁻¹). Gradually increasing light 

intensity from 150 to 1200 μmol m⁻² s⁻¹, combined with higher phosphorus content, resulted 

in an 85% increase in biomass productivity (255 mg L⁻¹ day⁻¹) and a 2.5-fold increase in lipid 

productivity (84.76 mg L⁻¹ day⁻¹), with a CO₂ utilization efficiency of 3.3%. A water recycling-

fed batch cycle with gradual light feeding resulted in high CO₂ fixation (1.1 g L⁻¹ day⁻¹), 7% 

CO₂ utilization, and significant biomass and lipid productivity (577.23 and 150 mg L⁻¹ day⁻¹). 

This approach promotes lipid synthesis, maintains carbon fixation, and minimizes biomass 

loss, supporting sustainable bioenergy development in a circular bio-economy framework. 

Finally, the study addresses the challenges of CO₂ acidification, saturation, and limited 

access to flue gas (5-15%) which pose hurdles to stable carbon fixation, often resulting in 5-15 

days of suboptimal biomass productivity. Strategies to enhance microalgae growth and CO₂ 

utilization were investigated over a 23-day period, focusing on the Micractinium pusillum 

strain. Urea served as a cost-effective nitrogen supplement, facilitating growth peaking under 

5% CO₂ exposure with a longer growth phase, followed by exposure to 15% CO₂. However, in 

the later phase under 15% CO₂ conditions, media acidity and reduced alkalinity due to nitrogen 

deprivation led to pigment loss and diminished photosynthetic efficiency, impacting carbon 

assimilation in biomass. To address this challenge, cultivation commenced with 15% CO₂ and 

transitioned to 5% CO₂ after 15 days using a calcium-induced phosphorus fed-batch approach, 

effectively mitigating media acidification and stabilizing photosynthesis and carbonic 

anhydrase activity. Consequently, a notable 20% increase in CO₂ fixation and a 15% boost in 
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biomass productivity was observed. Moreover, lipid, protein, and carbohydrate production 

surged, ensuring efficient carbon and nitrogen assimilation and augmenting biomass bioenergy 

potential. Nonetheless, performance declined during transitions to air and continuous 15% CO₂ 

conditions, indicating the need for further optimization. SEM-EDX analysis underscored auto-

sedimentation dynamics, highlighting the pivotal roles of calcium and phosphorus in cell 

aggregation. These findings offer valuable insights into improving algal bioprocessing for 

effective CO₂ mitigation and biochemical production, demonstrating a promising 23-day 

stability in carbon mitigation and induction of auto-flocculation during growth, paving the way 

for sustainable biomanufacturing practices. 

This research underscores the critical role of strategic process engineering in enhancing 

microalgal growth, photosynthesis, CO₂ mitigation, and bioenergy production. The findings 

provide valuable insights for the scalable and sustainable application of microalgae for CO₂ 

capture and biofuel generation, demonstrating the potential for effective bioprocessing, carbon 

sequestration, and efficient biomass harvesting. 
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differences between the control (Nx = 1.76 mmol/L) and the other 
concentrations, as determined by one-way ANOVA (Tukey's 
method). Significance in growth conditions is denoted by different 
symbols: no asterisk (p = 0), single asterisk (* p < 0.05), double 
asterisk (** 0.05 < p < 0.5), and triple asterisk (*** 0.5 < p < 1.0) 
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Figure 5.3 (A) Residual nitrogen concentration under five nitrogen levels with 
Nx as the control. (B) Biomass and lipid productivity, with lipid 
content. Asterisks denote significant differences from the control 
(Nx = 1.76 mmol/L) using one-way ANOVA (Tukey's method) for 
biomass and lipid productivity. Comparison of experimental and 
simulated data for (C) Michaelis-Menton and (D) Monod model, 
displaying Km values 
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Figure 5.4 CO2 fixation rate and utilization efficiency under five nitrogen 
concentrations, with Nx as the control. (B) Box and whisker plot 
illustrating the distribution of pH values. The central box represents 
the interquartile range (IQR), with the median indicated by the line 
inside. Whiskers extend to the minimum and maximum values, 
while data points beyond the whiskers are considered outliers. (C) 
Total organic carbon concentration in the media 
 

126 

Figure 5.5 (A) Carbon content & (B) carbon fixation rate as a function of five 
nitrogen concentrations. The light blue area shows the 95% 
confidence interval. (C) Nitrogen content & (D) nitrogen fixation 
rates as a function of nitrogen concentration. The graph shows the 
results of linear and nonlinear regression analyses (R2) of carbon and 
nitrogen content and fixation rates 
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Figure 5.6 High light intensity of 1200 µmol/m² s⁻¹ in a photobioreactor under 
two phosphate concentrations: 0.23 mmol/L (Px) and 2.3 mmol/L 
(P10x). (A) Dynamic growth profile modelled using Logistic and 
Gompertz model. (B) Residual nitrogen concentration and lipid 
content. (C) Residual phosphate concentration, biomass, and lipid 
productivity 
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Figure 5.7 Gradual intensification of light from 150 to 1200 µmol/m² s⁻¹ in a 
photobioreactor under two phosphate concentrations: 0.23 mmol/L 
(Px) and 2.3 mmol/L (P10x). (A) Dynamic growth profile modelled 
using Logistic and Gompertz model (B) Residual nitrogen 
concentration and lipid content. (C) Residual phosphate 
concentration, biomass, and lipid productivity 
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Figure 5.8 (A) Gradual intensification of light (GL) in two phosphate 
concentration carbon and Nitrogen fixation with C/N ratio in a 
photobioreactor (i) GL-Px (0.23mmol/L) & (ii) GL-P10x (2.3 
mmol/L) (B) High light intensity (HL) in two phosphate 
concentration carbon and Nitrogen fixation with C/N ratio (i) HL-Px 
(ii) HL-P10x 
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Figure 5.9 Repeated fed batch cycle in a photobioreactor (A) dynamic growth 
profile of four cycles in fresh and reused media. (B) Residual 
Nitrogen concentration and lipid content of four cycle in fresh and 
reused media, with the down arrow represent phosphate feeding. (C) 
Residual phosphate concentration and TOC in fresh and reused 
media in four cycle. 
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Figure 5.10 Repeated fed batch cycle in a photobioreactor (A) biomass 
productivity and specific growth rate of each four-cycle. (B) CO2 
fixation and utilization efficiency in all four cycle of repeated fed 
batch. 
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Figure 6.1 Workflow of process development to enhance CO2 fixation and 
biomass production by microalgae. (a) Experimental setup; (b) 
Evaluation of CO2 at a constant concentration followed by dilution 
of CO2 concentration under nitrogen limitation conditions; (c) 
Modulation and improvement of physiochemical and biochemical 
parameters, including nitrogen sufficient and limitation, alkalinity, 
pH, carbonic anhydrase activity (CA), and carbon (C)and nitrogen 
(N) fixation, photosystem II quantum yield (Fv/Fm) and pigment. 
The Figure illustrates the modulation of the growth phase curve over 
a 23-day cultivation period. 
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Figure 6.2 Effects of different air/CO2 mixtures (air, 5%, 15%) on various 
parameters: (a) dynamic biomass growth profile modeled using 
Logistic models, (b) specific growth rate, (c) biomass productivity. 
Significance in growth conditions is denoted by different symbols: 
hash symbol (#p = 0), single asterisk (*p < 0.05), double asterisk 
(** 0.05 < p < 0.5), and triple asterisk (*** 0.5 < p < 1.0). 
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Figure 6.3 Effects of different air/CO2 mixtures (air, 5%, 15%) on various 
parameters: (a) dynamic pH profile, (b) Fv/Fm, (c) total chlorophyll, 
and (d) carotenoids pigment. All data points represent the mean of 
n = 3 biological replicates; error bars represent the replicates 
standard deviation. 
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Figure 6.4 Effect of continuous exposure to 15% CO2 and dilution CO2 
concentration from 15% to 5% (15%/5%) and 15% to 0.04% 
(15%/Air) condition in calcium-induced phosphorus fed batch on 
dynamic (a) biomass, (b) carbon and nitrogen-based growth profile 
modelled using Logistic models, and (c) cellular C/N ratio. Asterisks 
denote significant differences from the continuous 15% CO2 
condition and other two CO2 modulation condition using one-way 
ANOVA (Tukey's method) for C/N balance 
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Figure 6.5 Effect of continuous exposure to 15% CO2 and dilution of CO2 

concentration from 15% to 5% (15%/5%) and 15% to 0.04% 
(15%/Air) condition in calcium-induced phosphorus fed batch on (a) 
CO2 fixation in different time intervals, (b) carbonic anhydrase 
activity. Asterisks denote significant differences from the 
continuous 15% CO2 condition and other two CO2 modulation 
condition using one-way ANOVA (Tukey's method). 
 

164 

Figure 6.6 Effect of continuous exposure to 15% CO2 and dilution of CO2 
concentration from 15% to 5% (15%/5%) and 15% to 0.04% 
(15%/Air) condition in calcium-induced phosphorus fed batch on (a) 
specific growth rate, (b) dynamic pH profile, (c) alkalinity, (d) 
Fv/Fm, (e) total chlorophyll and (f) carotenoids pigment. Asterisks 
denote significant differences from the continuous 15% CO2 
condition and other two CO2 modulation condition using one-way 
ANOVA (Tukey's method) for specific growth rate. 
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Figure 6.7 Effect of continuous exposure to 15% CO2 and dilution of CO2 

concentration from 15% to 5% (15%/5%) and 15% to 0.04% 
(15%/Air) condition in calcium-induced phosphorus fed batch on 
biochemical composition productivity. 
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Figure 6.8 (a) Flocculation efficiency and Zeta potential at 15% CO2 and 
15%/5% and 15%/Air condition in calcium-induced phosphorus fed 
batch, (b) Microscope images of microalgal cell after flocculation at 
(i) normal BG-11 media (ii) 15% CO2 (iii)15%/5% (iv) 15%/Air, 
and (c) dissolve organic carbon in media. 
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Figure 6.9 Scanning Electron Microscopy-Energy Dispersive X-ray 
spectroscopy (SEM-EDX) analysis of microalgal cells under 
different conditions: (a) (i) & (ii) 15% CO2, (b) (i) & (ii) 15%/5% 
CO2 concentration, and (c) (i) & (ii) 15%/Air condition in calcium-
induced phosphorus fed batch. 
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Figure 6.10 (A) Schematic diagram of the bench-top customized experimental 
setup. (B) Image of the culture broth in beaker used for slurry depth 
and volume analysis. (C) Images showing the slurry volume after 
removing the culture media. 
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Figure 6.11 Photobioreactor setup with a high culture cell density of 3.23 ± 0.23, 
using a 2-liter working volume. This was achieved by applying an 
optimized calcium-induced fed-batch process with CO2 modulation 
over a 23-day cultivation period. Results represent the mean of n = 
2 biological replicates; error bars indicate the standard deviation of 
the replicates. 
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Figure 6.12 Image displaying the scale and value of volume reduction after the 
auto-sediment process and the density of wet algal biomass pellets 
after 60 minutes. 
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Chapter 1 
 

Introduction 
 

 

1.1 Energy Scarcity and Climate change 

Tackling the pressing issues of the energy crisis and climate change have emerged as the top 

priority in today's global society. Carbon dioxide (CO2) and other greenhouse gases have a 

significant influence on climate change, ecosystems, economy, and society as a whole. The 

2023 report from the International Energy Agency (IEA) emphasizes a troubling trend: 

worldwide CO2 emissions linked to energy consumption have risen by 1.1%, reaching an 

unprecedented level of 37.4 gigatons (Gt). The current year (according to the IEA CO2 emssion 

report , 2023) shows an increase of 410 metric tons (Mt) compared to the previous year. The 

graph in Fig.1.1 clearly demonstrates the consistent increase in average CO2 emissions from 

1900 to 2023. 

 

 
 

Fig. 1.1. Global energy related CO2 emission and their annual changes from 1900-2023 

(Source: International Energy Agency, 2023) 
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The adverse impacts of climate change, including extreme weather events, rising sea levels, 

and biodiversity loss, pose significant obstacles to the attainment of sustainable development 

objectives and amplify risks across several sectors. It is important to acknowledge that several 

nations have unique contributions to CO2 emissions, with variances in how these emissions are 

distributed across various sectors. Emissions mostly arise from the burning of fossil fuels, 

namely in the domains of energy, transportation, and buildings  [2]. In India, the burning of 

coal in thermal power plants leads to around 550 million metric tons of CO2 being released into 

the atmosphere each year. This is mostly done to generate energy, as stated in the IEA CO2 

emission report of 2023. The Paris Agreement is a significant global pact in the international 

endeavor to tackle climate change. The main objective is to keep the increase in global 

temperatures to below 2 ℃ compared to pre-industrial levels, with an additional goal of 

advocating for a cap of 1.5 ℃ [3]. To do this, it is crucial to reduce emissions and promote 

sustainable growth. However, the energy industry is now facing several complicated issues, 

such as the depletion of fossil fuel supplies, disputes over resources, and concerns around 

energy security and price. India is committing to achieve carbon neutrality by 2070, which 

entails balancing the emission and removal of greenhouse gases in the atmosphere [4]. To 

accomplish this pledge, it is necessary to adopt low-carbon technologies and use carbon capture 

methods in important sectors such as electricity, industry, and transportation. This will make a 

significant contribution to the goals of sustainable development. It is crucial to prioritize the 

Sustainable Development Goals (SDGs) while promoting carbon-negative industrial 

production processes in order to effectively tackle climate change and promote sustainable 

development [5]. This highlights the need for enhanced efforts in improving the development 

of carbon capture and utilization (CCU) technologies. CCU technologies have the capacity to 

decrease CO2 emissions while promoting economic expansion and sustainability [3]. The rapid 

advancements in CCU research underscore the urgent need to ascertain the most efficient 

carbon utilization methodologies. Due to the pressing need, there has been a 5% enhancement 

in the development pipeline of the CCU project (Fig.1.2). It is important to mention that as of 

now, only 41 facilities are actively harvesting CO2, while there are approximately 500 

initiatives in the research and development phase (IA CCUS Policies, 2022).  

 

 

. 
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Fig. 1.2 Evolution of the CO2 capture project pipeline from 2012- 2023 (Source: International 
Energy Agency, 2023) 

 

1.2  Current Carbon Capture Technologies and Challenges 

Over the past decade, carbon capture and storage (CCS) or CCS-utilization (CCSU) 

technology has become a crucial approach for reducing CO2 emissions from human-made 

sources [7]. Post-combustion capture is the predominant technology used in power stations and 

industrial facilities that depend on fossil fuels [8]. This procedure involves the extraction of 

carbon dioxide from the flue gas produced during the process of burning. Post-combustion 

capture systems often use solvent-based absorption, adsorption, and membrane separation 

processes [9]. The solvent-based physical and chemical absorption technique, which is widely 

used for carbon capture, involves the use of solvents such as Rectisol and amine-based 

solutions (e.g., Selexol) to selectively absorb CO2 from the flue gases released by industrial 

operations, mostly in power plants and refineries [10]. The CO2 that has been taken in is then 

extracted from the solvent via a process of regeneration. Adsorption is a process that utilizes 

solid materials such as activated carbon or metal-organic frameworks silica/alumina/zeolites, 

porous crystalline solids, and metal oxides to trap and remove CO2 from flue gases [11]. After 

being fully saturated with CO2, the adsorbent goes through a regeneration process to release 

the absorbed CO2 for storage or use. Furthermore, novel techniques involving the use of 

polyphenylene and polydimethylsiloxane membranes have been developed for membrane-
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based separation and adsorption procedure. These membranes exhibit selective permeability to 

CO2 molecules, enabling their passage while preventing other gases from flue gas or adsorbing 

onto the surface [12]. Cryogenic separation  [13] and hydrate-based gas separation [14] and 

many hybrid processes with combination of two process [15]  are further advanced methods 

used for the capture of CO2. 

Pre-combustion capture is a crucial technology used in integrated gasification combined 

cycle (IGCC) power plants and coal-to-liquid (CTL) facilities [16]. This process entails the 

conversion of solid or liquid fuels, such as coal or natural gas, into syngas, a gas mixture 

containing a high concentration of hydrogen and carbon monoxide. Following purification 

methods separate CO2 from other gases by using techniques such as pressure swing adsorption 

(PSA) or membranes. Notwithstanding the advantages of these carbon capture methods, they 

encounter many obstacles. The primary obstacles faced include energy-intensive methods, poor 

CO2 collection efficiency, high operating costs, and technical hurdles [17]. Furthermore, the 

safe handling and preservation of collected CO2 pose logistical and environmental challenges. 

Ultimately, carbon capture technologies have great potential for reducing CO2 emissions. 

However, it is crucial to address the associated challenges in order to promote their extensive 

use on an industrial level [18].  

Utilizing biological techniques to capture and stabilize carbon presents a hopeful approach 

to tackle the urgent issues of climate change and carbon emissions. Biological methods, unlike 

traditional carbon capture technologies, utilize living organisms such as plants, algae, and 

microorganisms to capture carbon dioxide from the atmosphere or industrial emissions [19]. 

One of the most advanced technologies in this field is microbial electrolysis carbon capture 

(MECC). However, the commercialization of the MECC system remains distant in practical 

implementation. Only laboratory-scale studies have been conducted due to technological 

obstacles and insufficient efficiency, which must be addressed to ensure the practicality of 

scaling up the system [20]. 

 

1.3  Advantage of Microalga based CO2 Capture and Utilization 

Microalgae has several benefits compared to conventional land plants and other biological 

techniques, such as microbial electrolysis cells, for the purpose of carbon capture as illustrate 

in Fig.1.3. Microalgae may be cultivated in non-arable locations such as deserts or coastal areas 
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utilizing saline or wastewater resources, unlike terrestrial plants that need arable land and may 

compete with food production [21].  

 

 

Fig. 1.3. Advantage of microalgal based carbon-dioxide capture and utilization  

This approach reduces the environmental consequences of carbon capture activities and 

prevents any clashes with agricultural activities. Moreover, microalgae generally exhibit high 

growth rate and possess greater capabilities for CO2 fixation in comparison to land-based 

plants. Microalgae have a carbon sequestration capacity that is 10 to 50 times greater than that 

of terrestrial plants, making them more effective in fixation of CO2 from the environment. 

Microalgae provide benefits over microbial electrolysis carbon capture (MECC)  in terms of 

scalability and ease of operation [22]. MECC uses electroactive microorganisms to convert 

CO2 into useful chemicals, whereas microalgae offer a more straightforward and efficient 

approach and convert into high value-added biomass with high valued added bioproduct and 

biofuels under biorefinery approach [23]. Microalgae-based carbon capture systems are 

characterized by their simplified infrastructure and low maintenance requirements, which 

enhances their accessibility and cost-effectiveness for large-scale implementation where other 

technology is lacking [24]. Moreover, microalgae may be grown in either open ponds or closed 

photobioreactors, providing versatility in system configuration and the ability to adjust to 

various environmental conditions and conversion onto CO2 into desired targeted with control 

process strategy [25]. In summary, the distinct qualities of microalgae make them very viable 

options for large-scale and environmentally friendly carbon capture systems, in contrast to 

other convection technology. 
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Although microalgae-based carbon capture technologies provide several advantages, it is 

crucial to acknowledge and tackle the impending obstacles. To fully use the potential of 

microalgae in carbon capture, it is necessary to tackle various hurdles. The challenges involve 

selecting an appropriate strain, understanding the influence of different physicochemical 

parameters and their interactions on the microalgal CO2 fixation process, improving CO2 

utilization and stability, attaining high cell and biomass production under industrial-scale CO2 

conditions, and creating cost-effective harvesting and processing techniques. The challenges 

mentioned will be thoroughly examined in Chapter 2 of the thesis, which will include a full 

assessment of existing literature to address these difficulties and provide potential solutions. 

Through comprehensive study and analysis, the goal is to demonstrate the potential of 

microalgae as a viable and sustainable solution to addressing climate change and advancing 

environmental sustainability. 

1.4 Microalgal Photosynthesis CO2 fixation Regulation and Mechanism 

Microalgae use photosynthesis for transforming solar energy and atmospheric CO2 into 

energy, lipids, proteins, and carbohydrates via complex mechanisms. Carbohydrates are the 

first molecules produced in microalgae via the process of CO2 fixation during photosynthesis. 

This process has two discrete stages: the light-dependent reactions and the dark reactions, 

commonly referred to as the Calvin-Benson cycle.  As seen in Fig. 1.4, the light reaction takes 

place in the grana, which are stacks of thylakoids containing pigment molecules complex 

known as Photosystem I and II. On the other hand, the dark reaction happens in the liquid 

portion of the chloroplast called the stroma. During the light-dependent processes, photons 

from sunlight or artificial light provide energy to pigment complexes, consisting mostly of 

chlorophyll a and b, as well as carotenoids, in photosystems I and II. Photosystems composed 

of mostly chlorophyll pigments are primarily found in the Chlorophyceae class of green algae. 

However, their composition might vary across different class of algae [26]. The energy that is 

absorbed is transmitted to the electron transport chain, resulting in the production of high-

energy molecules (ATP) and reducing molecules (NADPH). This process also leads to the 

photolysis of water, that delivers oxygen. The ATP and NADPH generated are used in the 

Calvin-Benson cycle, which takes carbon dioxide via the enzyme ribulose bisphosphate 

carboxylase-oxygenase (Rubisco). This reaction leads to the production of two molecules of 3-

phosphoglycerate (3PG). 
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Fig. 1.4. Light and dark reaction in microalgal chloroplast (Adopted from Geider, Richard J. 

1955, Algal photosynthesis) 

Rubisco serves as the catalyst for this process. The 3PG is assimilated into the central 

carbon metabolism via glycolysis and the pentose phosphate pathway, supplying carbon 

skeletons and energy for the synthesis of macromolecules and promoting growth [28]. 

However, Rubisco also has an oxygenase function, enabling it to bond with oxygen and 

diminish the ability for CO2 fixation. Microalgae overcome this constraint by using a carbon 

dioxide concentrating mechanism (CCM) that increases CO2 concentration by up to 1000 times 

relative to the levels in the liquid media. This effectively reduces the binding of oxygen to 

Rubisco. Carbonic anhydrases (CAH) are essential for maintaining the balance between CO2 

and HCO3
− and aiding their movement across membranes. These enzymes improve the efficacy 

of Rubisco in pyrenoids, which in turn increases the amount of CO2 available for 

photosynthesis [29], as seen in Fig.1.5. In the process of microalgal culture CO₂ from the 

atmosphere or other sources enters the liquid medium. Once in the medium, it dissolves and 

combines with water to create carbonic acid (H₂CO₃). The carbonic acid undergoes 

dissociation, resulting in the formation of bicarbonate ions (HCO₃⁻) and hydrogen ions (H⁺). 

The balance between these species is influenced by the pH level. The enzyme carbonic 

anhydrase speeds up the conversion of CO₂ to bicarbonate, ensuring effective carbon 

utilization. Microalgae immediately fix CO₂ or transport bicarbonate into their cells. Inside the 

cells, an internal enzyme called CAH transforms the bicarbonate back into CO₂. 
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Fig. 1.5. CO2 biochemistry and uptake in microalgal cells. This figure shows CO2 conversion 

to HCO3
- in the media and its uptake by microalgal cells. Inside the cells, CO2 is fixed in the 

chloroplast stroma by RuBisCO in the Calvin cycle, with carbonic anhydrase (CAH) 

facilitating these processes. 

Therefore, it is important to create optimized extracellular conditions in order to 

maximize CO₂ based carbon availability in media and fixation.  

1.5 CO2 Fixation and Carbon Allocation Pathways in Microalgal 
Photosynthesis 

Microalgae have the ability to efficiently capture CO2 and generate biomass that can be 

processed into various biochemicals and biofuels. This makes them a very promising 

candidates for carbon capture and utilization. Carbohydrates, lipids, and proteins are the 

primary macromolecules that are synthesized by metabolic pathway. These biomolecules may 

be processed using a biorefinery technology to produce biofuels, human food, animal feed, 

polymer and other products. The metabolic pathways responsible for the production of 

carbohydrates, lipids, and proteins in microalgae are highly controlled and influenced by many 

external stimuli and cellular conditions during photosynthesis [30]. These pathways regulate 

the allocation of carbon fixed during photosynthesis into specific biomolecules, enabling 

microalgae to adapt to varying environmental conditions [31]. These routes are regulated by 

changes in carbon source and light availability, which in turn modify the trophic mode of 

culture, as shown in Fig. 1.6. 
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Fig. 1.6. Overview of metabolic pathways in microalgal cells. This figure depicts the key 

metabolic pathways in microalgal cells, including the Calvin cycle, the tricarboxylic acid 

(TCA) cycle, the glyoxylate shunt, and the pentose phosphate pathway (PPP). It highlights the 

conversion of CO2 to glucose through photosynthesis, the synthesis of lipids, and the 

assimilation of nitrogen sources (Adapted and modified from Tibocha-Bonilla et al., 2018) 

 

Under ideal growth situations, characterized by high light intensity and sufficient 

nutrients such as nitrogen and phosphorus, microalgae prefer to allocate a substantial amount 

of their carbon, acquired from photosynthesis, towards the production of carbohydrates. Starch, 

a polysaccharide, is the main carbohydrate produced and acts as an energy storage molecule 

[33]. Enzymes such as ADP-glucose pyro phosphorylase and starch synthase facilitate this 

process. Cellular metabolism and development are fueled by the creation of soluble sugars such 

as glucose and sucrose, which serve as easily accessible sources of energy. Microalgae are able 

to store extra energy by accumulating carbohydrates, which may then be used when there is 

little light or a shortage of nutrients [34]. Conversely, when microalgae are subjected to 

stressful circumstances, namely a lack of nutrients such as nitrogen or phosphorus, their 

metabolic activity redirects towards the production of lipids. In such circumstances, the limited 

presence of nitrogen hampers the production of proteins, leading to a buildup of carbon 

compounds that are subsequently used for the synthesis of fatty acids [35]. The fatty acids are 

then converted into triacylglycerols (TAGs) by esterification. These TAGs then aggregate as 

lipid droplets within the cells. The buildup of lipids serves as a survival strategy for microalgae, 
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enabling them to store energy in a concentrated and simplified form that may be used 

throughout extended periods of stress [36]. The principal enzymes implicated in this route are 

acetyl-CoA carboxylase, fatty acid synthase, and diacylglycerol acyltransferase [37]. The 

process of protein synthesis in microalgae is highly reliant on the presence of nitrogen, a crucial 

ingredient for the production of amino acids and proteins. When there is an abundance of 

nitrogen, microalgae devote a substantial amount of their carbon and energy to the production 

of proteins, which are essential for cellular structure, enzymatic activities, and metabolic 

control. The Calvin cycle produces precursors, such as glycerate-3-phosphate and pyruvate, 

which are then transaminated to make amino acids [38,39]. The ribosomes govern the 

polymerization of these amino acids into proteins, a process that is influenced by the supply of 

ATP and reducing power derived from the light-dependent activities of photosynthesis [40]. 

The challenging modulation of various metabolic pathways in microalgae arises from 

intricate interplay between external factors and cellular regulatory systems. The activity of 

important enzymes and the allocation of carbon towards distinct biosynthetic pathways are 

influenced by factors such as light intensity, nutrition availability, and the internal metabolic 

status of the cells[3,41–46]. In situations with high light intensity and abundant nutrients, the 

production of carbohydrates is promoted to facilitate fast growth and storage of energy. In 

contrast, when there is a lack of nutrients, the production of lipids is increased to provide a 

more reliable and enduring energy storage, whereas the production of proteins is reduced 

because of the restricted supply of nitrogen. The production of carbohydrates, lipids, and 

proteins in microalgae is a tightly controlled process that is influenced by environmental signals 

and the requirements of the cells maintenance energy [30,47]. Through comprehending these 

regulatory processes, researchers may modify growth conditions to maximize the synthesis of 

certain biomolecules, hence augmenting the potential of microalgae for utilization in biofuels, 

food, and bioproducts. The ability of microalgae to adapt and change their metabolic pathways 

highlights their importance as a diverse and sustainable resource for biotechnological 

advancements [48]. 

1.6 Hurdles in Microalgae-based CO2 Capture and Utilization 

In order to fully harness the potential of microalgae-based carbon capture systems, it is 

necessary to address certain hurdles as highlighted in Fig. 1.7. One major challenge in the 

microalgal carbon capture process is the low CO2 capture efficiency and the lack of stability in 

the CO2 capture process. This is due to the sensitivity of microalgae to various abiotic stresses, 
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such as outdoor light and temperature conditions. Additionally, there are challenges in meeting 

the high water and nutrient demands for cultivation, as well as difficulties in the large-scale 

harvesting process. These challenges need to be addressed in order to enhance the industrial 

feasibility and real-world application of microalgae, despite their significant advantages and 

potential. The subsequent section includes a review of various obstacles, accompanied by 

suggested solutions that tackle the energy and economic aspects of mitigating these obstacles.  

 

 

Fig. 1.7. Hurdles in microalgal cultivation system  

 

1.6.1 Challenge in selecting an appropriate Strain 

Choosing the right microalgal strain is crucial when it comes to carbon capture and 

utilization using microalgae. Various microalgal species have different abilities when it comes 

to fixing CO2, growing at different rates, having varying nutrient requirements, and tolerating 

environmental stresses [43]. Choosing the most suitable strain involves considering various 

factors such as the intended use, growing conditions, and desired biochemical outputs. Firstly, 

it is important to select a strain with a high CO2 fixation rate in order to effectively capture 

carbon from the atmosphere or industrial emissions. Strains that have rapid doubling times and 

can produce a high amount of biomass under favorable environmental conditions are excellent 

choices for large-scale cultivation [49]. 

Furthermore, it is crucial for the strain to possess the capacity to flourish in diverse 

culture circumstances, including fluctuating light intensity, temperature in accordance with the 

local climatic conditions, pH levels, and nutrient availability. Strains that are adaptable and can 
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thrive in outside seasonal or climatic variations, as well as withstand changes in 

physicochemical parameters, are more suited for large-scale application. In addition, it is 

important for the strain to demonstrate stability and resilience in the face of environmental 

stresses, such as nutrient depletion, pH fluctuations, and contamination [50]. This is necessary 

to ensure that it can consistently perform well over long periods of cultivation. 

In order to maximize the effectiveness and sustainability of microalgae-based carbon 

capture systems, it is important to consider a variety of factors when selecting the right 

microalgal strain. These factors include CO2 fixation efficiency, growth kinetics, adaptability 

to cultivation conditions, and stability under local climatic condition. When selecting a strain, 

mostly one or two parameters are typically considered. However, it is important to note that 

this can result in a loss of process efficiency observed in scale up condition[51]. Thus, it is 

crucial to conduct thorough bench lab scale systematic screening, as shown in Fig. 1.8. This 

will help ensure the compatibility and strength of the chosen strains. In order to do this, it is 

crucial to include a wide variety of environmental variables in the screening programmed, 

rather of just focusing on high CO2 concentration.  To ensure the stability and effectiveness of 

CO2 sequestration using microalgae, it is necessary to evaluate the algae's capacity to mitigate 

CO2 under various conditions of abiotic factors, such as acidic flue gas components, for 

industrial applications.  
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Fig. 1.8. Characteristics for selecting a robust microalgal strain. This figure illustrates the key 

characteristics for selecting a robust microalgal strain. 

 

1.6.2 Challenges in managing and optimization of physiochemical factors 

Managing the complicated interaction of physiochemical factors in microalgal 

production is a very challenging task. Microalgal culture encompasses several biotic and 

abiotic factors that undergo dynamic fluctuations during different stages of development [52] 

as illustrated in detail in Fig. 1.9. While some parameters may be easily controlled and kept 

stable, others experience large fluctuations, which have a direct influence on microalgal CO₂ 

fixation and metabolite synthesis. As a result, the efficiency of the production system is 

affected [53]. Light is a crucial factor that has a significant influence on the regulation of 

photosynthesis for efficient CO₂ fixation. Light spectrum quality, photoperiod, and light 

arrangement are crucial factors in microalgal production [54]. Light intensity may provide both 

advantageous and detrimental outcomes, necessitating a precise equilibrium to efficiently 

harness its energy. Maximum photosynthetic efficiency, pigment formation, and prevention of 

light stress need optimal light conditions [55]. Temperature has a dual function in microalgal 

cultures. Precise modulation is essential to enhance enzymatic and metabolic functions, 

mitigate heat stress, and control carbonate chemistry [56–58]. Ensuring the pH levels are at 
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their ideal state is crucial for maintaining metabolic equilibrium, since it enhances the amount 

of dissolved CO₂ that may be assimilated. Precise regulation of pH is essential to maintain the 

delicate balance between alkalinity and acidity, and to prevent dilution of CO₂ [59]. The 

existence and variation of inorganic carbon species are crucial for the process of growth. 

Microalgae need a sufficient and balanced supply of vital nutrients, namely nitrogen and 

phosphorus, in order to fulfil their nutritional requirements. 

These nutrients are essential for the growth and functioning of cells. An imbalance, 

whether it is excessive or insufficient, might impede growth and result in nutritional shortages. 

Thus, the precise formulation of the nutritive medium is essential for the preservation of 

cultures. Gaining knowledge about the nutritional needs during times of stress and how they 

interact with other variables is very crucial. The incorporation of CO₂ into the culture medium 

introduces more complexity due to its concentration, delivery method, and interaction with 

other process parameters. Carbon dioxide interacts with several dynamic parameters, which 

affect the process of converting carbon from its gaseous state to its liquid state [60–63]. 

Adequate levels of CO₂ are necessary to facilitate the process of photosynthesis and enhance 

the development of biomass. However, careful regulation of CO₂ levels is important to avoid 

problems such as excessive saturation or depletion [64]. 

All of these features are interrelated. Studies must do a thorough examination of the 

intricate relationships between regulated physiochemical components and uncontrolled 

environmental factors, such as fluctuations in external light and temperature. Comprehensive 

knowledge of these relationships is essential for optimizing culture conditions. Elements such 

as the design of the photobioreactor, which affects the distribution of light and exchange of 

gases, the availability of nutrients, and the rates of flow that affect mixing and delivery of 

nutrients, are all crucial for this optimization process [21,65]. Researchers can enhance growth 

conditions throughout the cultivation process by using sensor technologies and automated 

control systems to dynamically adjust parameters in real-time [66,67]. This approach enhances 

both the effectiveness and output of microalgal cultures, while also supporting the creation of 

biofuels in a manner that is environmentally friendly and can be expanded on a large scale. 

However, the implementation of such systems leads to an increase in both expenses and 

complexity, presenting obstacles for economically viable and commercially feasible 

applications [68]. 
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Fig. 1.9. Physiochemical parameter controlling Microalgal CO2 fixations and biochemical 
regulation (Adapted and modified from Kroumov et al., 2016; Kumar et al., 2010) 
 

All of these features are interrelated. Studies must do a thorough examination of the 

intricate relationships between regulated physiochemical components and uncontrolled 

environmental factors, such as fluctuations in external light and temperature. Comprehensive 

comprehension of these relationships is essential for optimizing culture conditions. Elements 

such as the design of the photobioreactor, which affects the distribution of light and exchange 

of gases, the availability of nutrients, and the rates of flow that affect mixing and delivery of 

nutrients, are all crucial for this optimization process [21,65]. 

Researchers can enhance growth conditions throughout the cultivation process by using 

sensor technologies and automated control systems to dynamically adjust parameters in real-

time [66,67]. This approach enhances both the effectiveness and output of microalgal cultures, 

while also supporting the creation of biofuels in a manner that is environmentally friendly and 

can be expanded on a large scale. However, the implementation of such systems leads to an 

increase in both expenses and complexity, presenting obstacles for economically viable and 

commercially feasible applications [68]. 

1.6.3 Challenge in CO2 utilization and stability maintain 

Attaining equilibrium between CO2 utilization and stability in microalgal culture is a 

significant obstacle, especially during the dynamic growth phase. The major goal is to enhance 

the efficiency of the supply and assimilation of CO2, facilitating its effective conversion into 

TH-3503_176151004



Chapter 1 

 

18 

biomass and important biochemical compounds. The typical range for CO2 utilization by 

microalgae is 0.2-1%. However, by sophisticated process engineering, this may be improved 

to 3-5% (Tripathi et al., 2023; Xu et al., 2024). It is important to note that this improvement 

comes at the expense of increased system cost and complexity in scaling up for industrial 

applications. To achieve a balance between carbon fixation and availability from gaseous phase 

to liquid phase, it is necessary to address disruptions in the media buffer and ensure that the pH 

levels are maintained at the optimum ranges [74]. This entails using an advanced method to 

improve the rates at which CO2 propagates, optimizing the flow of CO2, and controlling cellular 

metabolism to maximize the conversion of CO2 into organic carbon molecules. Nevertheless, 

this undertaking is difficult since microalgae exhibit dynamic reactions to fluctuating CO2 

levels, requiring adaptable approaches to maintain optimum rates of carbon fixation [75]. 

Furthermore, there are other obstacles associated with attaining stability in CO2 use. Changes 

in CO2 concentrations, pH levels, and other environmental elements such as nutrients and light 

may disturb cellular equilibrium, impede growth and production, and cause instability during 

the process of carbon fixation in biomass [76]. Effective carbon capture relies heavily on the 

use of robust culture techniques and photobioreactor engineering. This requires meticulous 

strategizing and implementation of components such as spargers, baffles, and geometrical 

arrangements to regulate hydrodynamics and enhance mass transfer mechanisms [77].  

An important challenge in achieving constant utilization of CO2 is comprehending the 

fluctuations in environmental light and temperature, as well as their interplay with CO2. To 

tackle these issues, it is crucial to modify cultivation conditions, including nutrient levels and 

the flow rate and concentration of CO2 [62,78–81]. Achieving efficient carbon dioxide 

utilization and stability in microalgal production necessitates the implementation of a complete 

engineering plan that incorporates an interdisciplinary approach. It is essential to overcome 

these challenges in order to fully use the potential of microalgae as environmentally benign 

systems for capturing carbon, which will help us advance towards carbon-negative 

biomanufacturing of bioproducts. 

1.6.4 Attaining high biomass production 

Improving the productivity of biomass and biochemical synthesis in microalgal 

development is a significant obstacle, particularly when only depending on CO2 as the carbon 

source [82]. The biomass concentration in photoautotrophic mode, where CO2 is used as the 

carbon source, normally varies between 1 and 3 g/L at its highest level. However, it may 
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decrease under circumstances of higher CO2. The flue gas, containing 15-25% CO2, had a 

biomass content that dropped below 2 g/L [82–85]. When exposed to flue gas that is directly 

polluted, the concentration drops to less than 1 g/L [83,86–90]. This decrease in concentration 

makes it economically unfeasible and less efficient for the downstream process development 

of biofuel and biochemical synthesis. The primary goal is to optimize the growth environment 

and metabolic pathways to enable substantial biomass buildup and the synthesis of important 

biochemicals. However, accomplishing this ambitious goal requires overcoming a variety of 

obstacles. In order to enhance biomass production, it is important to optimize the culture 

factors, such as light intensity, temperature, nutrient availability, and CO2 concentration 

[74,76]. This will provide a conducive environment for the rapid development of microalgae. 

This entails attaining a delicate balance between providing sufficient resources to sustain 

cellular metabolism and avoiding nutritional insufficiency or excess, which might impede 

growth and productivity. Furthermore, attaining optimal biochemical synthesis requires a 

comprehensive understanding of metabolic pathways and regulatory mechanisms that govern 

the production of macromolecules such as lipids, carbohydrates, proteins, and pigments 

[93,94]. In order to do this, it is necessary to examine the intricate biochemical networks found 

inside microalgal cells, identify vital enzymes and regulatory variables, and devise strategies 

to enhance the rate of metabolic processes [95]. 

Furthermore, achieving high levels of biomass productivity and biochemical synthesis 

in large-scale industrial settings has additional challenges. In order to go from small-scale 

laboratory research to large-scale production facilities, it is imperative to tackle technological 

constraints, enhance reactor design, and establish economically viable methods for cultivating 

microalgae. To ensure the economic viability and long-term sustainability of large-scale 

microalgal biorefineries, it is essential to devise innovative techniques for biomass collection, 

processing, and downstream processing, while safeguarding the integrity of the biomass. 

1.6.5 Cost-Effective harvesting and processing techniques 

Harvesting microalgae entails the extraction of microalgae particles from their culture 

suspension. The cost of biomass harvesting is a major obstacle in the large-scale implication 

of microalgae-based process in terms of carbon capture or biochemical production, 

representing about 20%–30% of the entire cost of producing biomass [96]. The collection and 

treatment of microalgae biomass present significant difficulties because of the minuscule 

dimensions of the cells (ranging from 2 µm to 10 µm), low sedimentation rates, and high-water 
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content [97]. When selecting a harvesting approach, it is crucial to consider the intended final 

products and the extraction of biochemical processes. The method should also be non-toxic to 

allow for the use of leftover biomass in different applications. Additionally, efficient 

dewatering is necessary to enable the reuse of nutrients and water [98]. Optimal harvesting 

methods should be economically efficient and have reduced energy demands, while yet 

achieving high rates of recovery. Microalgae harvesting normally in bulk scale comprises two 

primary methods: pre-harvesting and post-harvesting [99]. Pre-harvesting is the process of 

extracting the microalgal biomass from a diluted growth medium in order to create an algal 

slurry containing 2%–7% total suspended solids (TSS). Typically, post-harvesting procedures, 

such as thickening, dewatering, and drying, mostly use physical methods such as flotation, 

filtration, centrifugation, and convection drying [100]. These procedures may provide 

microalgae paste containing 15-25% total solids or microalgae powder with a solids content 

exceeding 90%, hence enhancing the resilience of the biomass by minimizing spoiling [101]. 

The primary method used for large-scale commercial harvesting is the bulk harvesting 

methodology. Coagulation and flocculation techniques are often used for the purpose of 

microalgae harvesting. These methods facilitate the aggregation of microalgae, hence 

simplifying their separation by sedimentation [102]. The use of cationic polyelectrolytes, such 

as metallic salts and polyacrylamide-based polymers, for chemical flocculation is a common 

practice, despite the potential for contamination. Chitosan and cationic starch, while safer 

alternatives, are not feasible for large-scale operations owing to their exorbitant costs [103]. 

Each approach has its own advantages and disadvantages in terms of its economic potential as 

discuss in Table 1.  

 

 

Table 1.1: The advantages and disadvantages of different algae harvesting methods (Kumar et 
al., 2023; Singh and Patidar, 2018) 
 
Harvesting  
Method  

Cost ($) 
per kg of 
dry 
biomass 

Advantage  Disadvantage  

Centrifugation 1.00–3.00 High efficiency in separating 
microalgae from the growth 
medium, producing high-
purity biomass 

High operational costs make it less 
suitable for large-scale operations 
unless high-value products are 
produced 
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Filtration 0.20–0.50 Effective for larger 

microalgae species; scalability 
is feasible 

Filter fouling and maintenance can 
increase costs, and efficiency drops 
with smaller microalgae species 
 

Sedimentation 0.10-0.20 Simple and cost-effective for 
initial biomass concentration 

Low efficiency due to the small size 
and low density of microalgae cells, 
making it unsuitable as a standalone 
method for fine biomass recovery 
 

Flocculation 
/Coagulation 

0.15–0.30 Can significantly increase the 
size of microalgal aggregates, 
improving separation 
efficiency 
 

Potential contamination from 
chemical flocculants; safer, more 
expensive alternatives like chitosan 
are required for food-grade 
applications 
 

Auto-flocculation 0.05–0.15 Environmentally friendly and 
cost-effective 

Requires careful control of pH and 
may not be suitable for all microalgal 
species 

 

Auto-flocculation is a procedure that involves the introduction of calcium or 

magnesium into an alkaline setting. It is environmentally harmless and commercially effective 

as a natural phenomenon [106]. Nevertheless, this method requires meticulous evaluation of 

the morphology, dimensions, and cellular concentration, as well as the optimization of 

processes such as the composition of the medium, growth conditions, and the induction of pH 

adjustment [107].  

It is essential to develop sustainable harvesting systems that are energy-efficient, 

scalable, and commercially feasible. It is crucial to achieve maximum density of microalgal 

biomass and efficient separation from contaminants, while minimizing biomass loss, in order 

to achieve the highest possible productivity and purity. In addition, it is crucial to preserve the 

collected water for its ability to be reused in order to decrease the amount of water used in the 

cultivation of microalgae, thus improving sustainability. To ensure the desired quality and 

quantity of the end product, it is essential to employ gentle harvesting techniques that safeguard 

the delicate microalgae cells from damage. 

 

TH-3503_176151004



Chapter 1 

 

22 

1.6.6 Water Demand and Reuse in Microalgal Cultivation Systems 

The findings demonstrate that the overall water use for growing microalgae varies 

between 2.4 and 6.8 m³ /Kg of dry biomass [108]. The stage of operating the photobioreactor 

(PBR) is responsible for more than 60% of this water consumption. Microalgae need roughly 

3726 kg of water to make 1.0 Kg of biodiesel. According to Yang et al., 2011 the act of reusing 

water has the potential to decrease the need for freshwater by 84% and reduce nutrient 

consumption by 55%. Efficient management is necessary to address the essential difficulties 

of water reuse and nutrient delivery in sustainable microalgal culture [110]. This is important 

in order to decrease operating costs and minimize the environmental effect. Due to the release 

of extracellular organic matter, which may include toxins and humic compounds that hinder 

water recyclability, efficient water reuse solutions are required in microalgal systems to meet 

the high demand for water [98]. To tackle these problems, it is necessary to use sophisticated 

water treatment techniques such filtration, membrane technology, and advanced oxidation 

[111]. However, these techniques might escalate operational expenses. Recycled water may 

include undesirable microorganisms, such as bacteria, fungus, and protozoa. Therefore, it is 

necessary to implement strong sterilization or disinfection procedures, such as UV irradiation 

or chemical treatments, to guarantee the absence of these contamination [112]. Another 

obstacle is the possible nutritional imbalances that occur due to ongoing water reuse, 

necessitating regular monitoring and adjustment of nutrient concentrations to maintain ideal 

growth circumstances. The introduction of extracellular organic load into reused medium leads 

to alterations in water chemistry and parameters, including chemical and biological oxygen 

demand [113]. 

Cellular development phase, cell density, availability of nutrients (particularly 

nitrogen), and stress levels (such as high light intensity and temperature) are important factors 

that influence the secretion of organic matter and the water recyclability process in microalgal 

production [114]. The provision of nutrients is equally vital since it has a direct influence on 

growth rates and the generation of biomass. Conventional nutrient sources, are often expensive 

and not ecologically sustainable. As a result, researchers are investigating other sources such 

wastewater and industrial effluents. However, these alternatives may reduce the effectiveness 

of CO2 fixation and productivity of process in terms of quantity and quality both [115]. 

Therefore, to enhance sustainability, it is crucial to maintain the appropriate levels of nutrients, 

particularly nitrogen and phosphorus, and regulate the release of extracellular organic matter 

by regulating abiotic stress or process conditions. Additionally, the time of harvesting should 
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be chosen properly. This technique guarantees efficient productivity, biomass quality, and 

water reusability while simultaneously ensuring stability in CO2 fixation and biomass 

generation in long-term closed-loop systems. 
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Chapter 2 
 

Literature review and Objectives 
 

 

2.1 Microalgal Cultivation System 

The use of microalgal culture systems for CO2 capture encompasses a variety of open 

ponds and closed cultivation approaches, each with distinct benefits and challenges as shown 

in Table 2.1. Open pond systems, known for their simplicity and cost-effectiveness, are well-

suited for large-scale applications (Figure. 2.1). By using rotatable agitators in circular ponds 

or paddle wheels in open pond systems, their efficiency and efficacy may be significantly 

enhanced [116]. The open pond design improves the aeration and CO2 transfer process, 

facilitates the even distribution of sunshine and nutrients, and restricts the growth and build-up 

of microalgae biofilms. In addition, the shallow liquid depth, short retention time, and limited 

gas exchange interface area greatly restrict the capacity to transfer CO2 mass in microalgal cell 

, leading to an efficiency range of only 10% to 30% [117]. On the other hand, closed 

photobioreactors provide enhanced control of culture factors, such as light intensity, 

temperature, pH, and nutrient availability [118]. By manipulating these factors that regulate the 

metabolic pathways and stress physiology of the cell, it becomes possible to enhance the 

development of microalgae, increase CO2 fixation rates, and improve the efficiency of 

converting them into desired biochemicals or bioproducts [119]. Photobioreactors are 

specifically built to provide CO2 enrichment, so assuring an enough supply of carbon substrate 

for microalgae to carry out photosynthesis. This leads to enhanced CO2 sequestration and 

reduced CO2 leakage into the atmosphere compared to an open pond system [120]. However, 

the substantial initial investment and continuous expenditures associated with photobioreactors 

may limit their widespread adoption owing to concerns about scalability. The performance and 

scalability of CO2 collecting applications are significantly influenced by the design of 

photobioreactors [121]. 
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Different types of photobioreactors, including as tube, flat-plate, airlift, bubble and 

annular column layouts (Figure. 2.1), have distinct benefits and disadvantages in terms of how 

they distribute light, gas and liquid mass transfer, mix efficiently, and their operating 

complexity [122]. In order to achieve maximum productivity and cost-effectiveness in 

photobioreactor systems, it is crucial to carefully optimize factors such as reactor geometry, 

material selection, light source, gas sparging system, and mixing mechanism. This optimization 

ensures uniform illumination, efficient CO2 transfer, and minimal energy consumption [77]. 

Novel reactor shapes, such as helical tubular [123] and panel airlift photobioreactors [124], 

proved to provide better light dispersion and mixing, resulting in enhanced microalgal growth 

and productivity. 

 

 

 
 
Fig. 2.1: Geometry of open and closed microalgal cultivation systems, illustrating the structural 
differences and configurations (Source: Satpati and Pal, 2018) 

TH-3503_176151004



Literature review and Objective  

 

28 

Moreover, advancements in the area of material science have led to the development of 

transparent and durable materials for reactors, which have enhanced their ability to transmit 

light [126]. As a consequence, there has been a reduction in energy losses and an improvement 

in the efficiency of photon capture. In addition, the incorporation of modular components such 

as a baffle [127], the introduction of membrane sparge [128], and the utilization of advanced 

nanotechnology and nanobubble technology [129] have been employed to improve the 

dissolution of CO2 in the medium. 

 
Table 2.1. Benefits and challenges of open  and closed photobioreactor system (modified from 
Dey et al., 2020; Kim et al., 2022; Sun et al., 2022) 
 

Cultivation 

system 

Benefits Challenges 

Open pond   Low installation cost and 
operational cost 

 Easy operation  
 Proper distribution of light and 

nutrient  
 Proper mixing  
 Less energy input  
 Utilize non-agriculture land  
 Easy scalability for commercial 

application  
 

 Large area requirement  
 Large evaporation of media  
 Risk of contamination  
 Less CO2 mass transfer and CO2 loss 

to the atmosphere  
 Less controllable process strategy and 

difficulty in process optimization  
 Less biomass productivity and carbon 

fixation compare to other system  
 Difficulty in harvesting of biomass  

Flat-panel 
photobioreactor   

 Large light surface to volume ratio  
 High biomass productivity  
 High CO2 mas transfer and 

fixation  
 Easy operation and sterilization  
 Easy optimization and control 

process strategy  

 Difficulty in Scale up  
 Difficulty in controlling temperature  
 Not suitable for high light condition  
 Wall growth possibility  
 Increased hydraulic stress 
 High installation cost  

 

Tubular 

photobioreactor  

 Large illumination area  
 Cheap installation and operational 

cost  
 Suitable for outdoor condition 
 High biomass productivity   

 

 Difficulty in control temperature  
 Oxygen build up problem   
 Wall growth possibility  
 Difficulty in sterilization and cleaning  
 Large land requirement  

Bubble-column   Proper CO2 mass transfer and 
carbon fixation  

 Low energy consumption 

 Small illumination area  
 Poor light penetration depth  
 Oxygen build up problem  
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Photobioreactor   Easy installation   
 Easy sterilization and manual 

cleaning  

 

The detailed discussion on the modification and engineering of the photobioreactor will 

be further discussed in section 2.3.1. However, the essential requirements for a photobioreactor 

or microalgal culture system include simple installation and operation, economic viability, and 

the capacity to sustain improved process efficiency. The efficiency shouldn't compromise the 

output quality and quantity in terms of carbon fixation and biomass production for bioenergy 

and biochemical synthesis. To achieve the most efficient functioning of photobioreactors for 

CO2 capture, it is necessary to carefully adjust the culture settings in order to enhance the 

development of microalgae and maximize the rates at which CO2 is fixed. Microalgal 

physiology and photosynthetic activity are influenced by critical process parameters such as 

light intensity, photoperiod, temperature, pH, and nutrient concentrations. It is crucial to 

continuously monitor and adjust these factors in order to maintain optimal development 

conditions for microalgae and minimize negative consequences such as photoinhibition, 

nutritional deficiency, and pH variations. 

 

2.2 Process Parameter Effecting Microalgal CO2 fixation 

2.2.1 Influence of microalgal species and Carbon dioxide concentration 

The concentration of carbon dioxide (CO2), as well as the pace at which it flows and 

the mechanism by which it is delivered, has a considerable impact on the process of 

photosynthesis CO2 fixation by microalgae [65]. As discussed in introduction section, 

optimizing microalgal development requires achieving the optimal equilibrium between CO2 

concentration and pH. Microalgal strains have various degrees of tolerance to different 

concentration of CO2. Although certain organisms may flourish in CO2 concentrations of about 

2%, higher levels beyond 5% can impede development by causing acidification of the 

chloroplast stroma and deactivating enzymes [71]. The studies revealed distinct degrees of CO2 

tolerance across various species of microalgae, emphasizing the differential efficacy of CO2 

fixation and their capacity to flourish under variable CO2 concentrations. Chlorella and 

Scenedesmus species exhibited notable resilience to increased levels of CO2, as they maintained 

substantial rates of CO2 fixation and biomass productivity. The results are shown in Table 2.2, 
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which displays the comparative performance of various species in detail. For instance, 

Desmodesmus sp. , Scenedesmus sp., and Chlorella sp. Nannochloropsis [133–138] were able 

to withstand higher levels of CO2, although they attained their highest output at lower levels. 

Chlorella sp. KR-1 exhibited its maximum growth rate at a CO2 concentration of 10% and 

shown resilience up to 70% [139,140]. The impact of CO2 concentration on the growth of 

microalgae is complex including both external physiochemical variables internal cellular 

physiology regulation adaptability that sustain efficient photosynthetic performance and 

growth [95]. 

 

Table 2.2. CO2 fixation and biomass productivity at different levels of CO2 concentration in 
phototrophic mode.  
 
Microalgal strain CO2 

conc. (%) 
 

CO2 fixation 
rate 
(mg/L/day) 

Biomass 
Productivity 
(g/L/day) 

References 

Chlorella minutissima 4 0.26 0.13 [141] 
Dunaliella tertiolecta 4 0.16 0.68 [142] 
Chlorella vulgaris ISC-23 5 0.44 1.15 [143] 
Chlorella sorokiniana GS03 5 0.66 0.37 [82] 
Chlorella sorokiniana TH01 5 0.47 0.46 [144] 
Scenedesmus obtusiusculus AT-
UAM 

5 0.13 0.16 [145] 

Parachlorella kessleri 5 0.21 0.47 [146] 
Chlamydomonas sp. BTA 9032 5 0.04 0.18 [147] 
Chlorella sp 10 0.26 0.13 [148] 
Chlorella pyrenoidosa 10 0.25 0.35 [144] 
Chlorella vulgaris 10 0.12 0.07  

[149] Scenedesmus obliquus 10 0.27 0.14 
Scenedesmus dimorphus 10 0.20 0.12 
Botryococcus braunii 10 0.35 0.03 [150] 
Chlorella sp. PY-ZU1 15 1.24 0.68 [142] 
Chlorella sp. 15 0.10 0.072 [151] 
Scenedesmus sp. ISTGA1 15 0.11 0.1 [152] 
Scenedesmus obliquus SA1 15 0.10 0.26 [153] 
Nannochloropsis oceanica 
CCMP1779 

15 0.34 0.053 [154] 

Botryococcus braunii 20 0.53 0.016 [150] 
Scenedesmus sp. 20 2.18 0.18 
Chlorella vulgaris ESP-31 25 0.20 0.61 [155] 
Desmodesmus abundans 25 0.42 0.16 [156] 
Chlorella vulgaris JSC-6 40 0.14 0.17 [157] 
Chlorella sp. LAMB 31 40 0.14 0.12 [158] 
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Table 2.2 shows that Scenedesmus sp. had the greatest rate of CO2 fixation at a 

concentration of 20%, with a rate of 2.18 mg/L day-1. These findings reveal that Scenedesmus 

sp. has a strong ability to tolerate and efficiently use CO2 at high levels [150]. Therefore, it is 

likely to be very successful in situations with significant CO2 emissions, such as industrial 

effluent gases. Chlorella sorokiniana GS03 [82] and Chlorella sorokiniana TH01 [144] 

exhibited significant rates of CO2 fixation, specifically 0.66 mg/L day-1 and 0.47 mg/L day-1, 

respectively, when exposed to a 5% concentration of CO2. These strains possess a combination 

of moderate tolerance to CO2 and high capacities for fixation, rendering them appropriate for 

use in scenarios where CO2 concentrations are somewhat higher than the surrounding 

environment. On the other hand, strains such as Chlamydomonas sp. BTA 9032 had a much 

lower rate of CO2 fixation, measuring 0.04 mg/L day-1 at a 5% CO2 concentration [147]. This 

suggests that these strains have limited tolerance and efficiency in using CO2. This emphasizes 

the fact that the capacity for CO2 fixation is particular to certain strains, which means that it is 

important to choose the right strains for various CO2 concentrations. 

Therefore it clear from Table 2.2 that certain microalgae have the ability to adapt to 

elevated amounts of CO2 via gene regulation, whilst others may see a decrease in their 

efficiency and growth [93,154]. Reducing the rate at which CO2 is released into the cultivation 

system may improve the process of carbon fixation, but it may also result in slower rates of 

growth. According to Hussain et al., 2017 and Jin et al., 2020  the ideal CO2 content for most 

microalgae falls between 0.038% to 10%. However, greater levels of CO2 may actually hinder 

their development. Excessive aeration of high concentrations of CO2 (10-20%) leads to 

acidification of the cultivation medium, which in turn inhibits the growth of algae [41]. 

Increased levels of CO2 hinder the growth of microalgae by causing acidification of the 

chloroplast stroma, reducing the availability of bicarbonate/carbonate ions, and inactivating 

crucial enzymes in the Calvin-Benson cycle. This hinders the function of carbonic anhydrase, 

vital for the conversion of bicarbonate to CO2, and the activity of Rubisco, which is necessary 

for efficient CO2 fixation [159]. Ensuring a constant supply of CO2 is essential for preserving 

the presence of carbon in microalgal growth systems. This entails the management of both the 

concentration of CO2 and the method by which it is delivered. Attaining a state of balance 

between the demand for CO2 in photosynthesis and its actual availability is difficult because of 

the complex interactions between CO2 with other variables, as well as the growth of 

microalgae. Sustaining this balance becomes very challenging when CO2 is continuously 
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supplied. However, using short-term CO2 feeding strategies that rely on monitoring pH levels 

may assist in attaining this equilibrium [53–55]. In order to optimize the supply of CO2 in the 

production of microalgae, it is important to have a CO2 storage facility. Although there are 

several approaches of supplying CO2, they frequently do not achieve a state of equilibrium, 

leading to the acidification of the medium when large amounts of CO2 (10-15%) are needed 

for industrial purposes. Therefore, pH-based CO2 feeding is unsuitable for large-scale industrial 

operations. 

 

2.2.2 Impact of light intensity on microalgal CO2 fixation  

The key role of light in microalgal CO2 fixation is essential, since it directly regulates 

the photosynthetic light-dependent metabolic processes via pigment-photon interaction. These 

pathways not only provide the necessary ATP and NADPH for CO2 fixation, but also facilitate 

the transformation of CO2 into sugar molecules via the Calvin-Benson cycle. The impact of 

light on the microalgal CO2 fixation process is multifaceted, encompassing factors such as light 

intensity, duration, wavelength, and quality [161]. A study by Rao et al., 2022 using 

Nannochloropsis oceanica revealed that the availability of light controls the CO2 requirement 

for microalgal growth and carbon fixation. These factors interact with growth phase factors 

and photobioreactor conFigureuration, adding to the complexity of the process. Insufficient 

amounts of light result in reduced biomass concentration and CO2 fixation, highlighting the 

requirement to provide a sufficient amount of light, especially as cell density increases [162]. 
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Fig 2.2. Light-responsive photosynthesis graphs showing that carbon fixation begins at the 

light adjustment point. Net photosynthetic rate increases linearly with light until saturation, 

where energy quenching reduces efficiency. Extreme light levels can cause photooxidative 

stress, reducing net photosynthesis (Sourse of data Ramanna et al., 2017). 

Photosynthesis-irradiance (P–I) curves are often used to clarify the correlation between 

irradiance and photosynthesis (Figure. 2.2). The curves represent three clearly defined regions: 

the zone restricted by photons, the region saturated with light, and the region affected by 

photoinhibition and directly related to carbon fixation.  

As seen in Figure. 2.3, the growth rate of cells in the culture medium fluctuates as the 

cell density increases. Eventually, it reaches a stationary phase in the dark zone of the culture 

media. This occurs when the growth time interval increases due to the expansion of the dark 

zone and the contraction of the light zone. Multiple studies have demonstrated that higher light 

intensity results in elevated rates of CO2 removal and increased biomass production in various 

microalgae species [163–167]. However, excessive light may cause photoinhibition, which is 

the damage to the photosynthetic machinery caused by the overproduction of reactive oxygen 

species. Research conducted on S. obliquus WUST4 shown that higher light intensity initially 

improved the pace at which CO2 was removed, but beyond the ideal levels hindered the process 

of microalgal photosynthesis [168]. The length of time that light is exposed to microalgae is 

also a critical factor in the conversion of CO2. Prolonged periods of light exposure are crucial 

for maintaining metabolic homeostasis, whereas intermittent darkness is necessary to sustain 

photosynthetic activity [169]. 

Research has shown that optimizing light-dark cycles, such as using the 12:12 or 18:6 

cycles, may enhance the process of CO2 fixation and ensure the overall health of cells. Research 

has shown that providing constant light to microalgae such as Aphanothece microscopica leads 

to a significant increase in their ability to capture and use nutrients, highlighting the 

significance of customized lighting schedules in improving their metabolic processes and 

facilitating the development of these algae [170]. Additional studies have shown that the 

intensity of daylight may mitigate the effects of long dark phase time, and vice versa. Short-

term periods of intense light may reduce the negative effects of photoinhibition exposure by 

controlling genes during periods of darkness and improving the ability to adapt to high light 

[171]. Hence, it is important to maintain the dark phase in outdoor environments to minimize 

harm caused by excessive sunshine and heat [172].  Studies have shown that microalgae have 
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the ability to capture a greater amount of CO2 by optimizing the combination of photoperiod 

and light intensity [146]. The research done on Nannochloropsis sp. and Chlorella vulgaris 

shown a significant variation in growth and CO2 fixation rate when exposed to different light 

intensities and photoperiods, as well as their interaction [171,173,174]. 

 
 
Fig. 2.3.  An illustration showcasing the shading effect on microalgal cultivation, highlighting 
the growth progression over time intervals. It demonstrates the distinction between light and 
dark zones, as well as the variation in cell growth rates  (Source : Modified from 
Sivakaminathan et al., 2018 & Sun, Y. et al 2018). 
 

2.2.3 Impact of temperature on microalgal CO2 fixation 

The availability of carbon dioxide to cells and the metabolic processes inside the cell 

are greatly affected by temperature, as shown by Lee et al., 1985; Torzillo et al., 1991. The 

reduction in CO2 solubility is well-documented when temperatures was above 20°C [179], and 

higher temperatures also reduce Rubisco's affinity for carbon dioxide [57]. Therefore, changes 

in ambient temperature will influence both the metabolism of microalgae and the solubility of 

CO2 in culture media. The temperature is crucial in controlling the physiological functions of 

microalgal cells. Elevated temperatures may enhance microalgal metabolism and hinder 

biomass formation. Cold temperatures may impede the proliferation of microalgae.  However, 

the effect of temperature on metabolic rates differs across different strains. The experiment 
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conducted in which Scenedesmus obliquus and Chlorella vulgaris was grown in outdoor 

photobioreactors containing constant amounts of nitrogen and CO2 highlighted the significance 

of comprehending the influence of temperature on microalgal proliferation as well as carbon 

and nitrogen  fixation mechanisms [180]. Scientific studies have repeatedly shown that the 

most favorable temperatures for the development of microalgae usually range from 15 °C to 

30 °C. Microalgal development may be inhibited by temperatures below 16 °C, while 

temperatures over 35 °C can frequently be deadly for many species [181]. The solubility of 

carbon dioxide reduces at higher temperatures, which in turn affects its availability for 

photosynthesis [44] . Nevertheless, certain species of microalgae have thermal resilience and 

are capable of acclimating to elevated temperatures. For instance, Chlorella sp. KR-1 [182] , 

Picochlorum renovo [183] .exhibited sustained high rates of growth and cell density even when 

exposed to a temperature of 40 °C. Similarly, it was found that Chlorella sorokiniana [184] 

Desmodesmus sp. F2 [185] , and Micractinium sp. [186] showed the greatest level of growth 

at a temperature range of 35 °C - 45 °C. There was no notable variation in growth and the 

biomass productivity remained stable. A study conducted by Serra-Maia et al., 2016 discovered 

that the combined impact of rising temperature and CO2 concentration on stress tolerance is 

influenced by nutrient availability, particularly nitrogen. The presence of sufficient nitrogen 

enhances the adaptability of Thalassiosira pseudonana to concurrently temperature increase 

and elevated CO2 conditions.  

In light of these results, the complex link that exists between temperature, the 

availability of carbon dioxide, and the metabolism of microalgae is put into focus. Optimizing 

temperature settings is essential for improving the development of microalgae and increasing 

the effectiveness of carbon dioxide fixation, especially in applications such as the removal of 

CO2 from industrial flue emissions by biological means. It is crucial to comprehend the 

temperature needs particular to each species and their corresponding metabolic reactions in 

order to advance the efficiency of carbon capture systems using microalgae. 

 

2.2.4 Impact of pH on microalgal CO2 fixation 

The relationship between pH and carbonate chemistry is highly interconnected in the 

cultural medium of microalgae, and it plays crucial roles in the development and metabolic 

activities of these microorganisms. Carbonate chemistry refers to the balance between carbon 
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dioxide (CO2), bicarbonate ions (HCO3
-), carbonate ions (CO3

2-), and carbonic acid (H2CO3) 

in water-based systems [179]. And govern by pH as shown in Figure.2.4. 

 

 
Fig. 2.4. Carbon fraction equilibria in the aqueous phase at a temperature of 25 ◦C, displayed 
as a function of pH (Source : Hajinajaf et al., 2024). 

 

According to the following equilibria of carbonate chemistry in aqueous phase, 

𝐻ଶ𝑂 + 𝐶𝑂ଶ ⇆ 𝐻ଶ𝐶𝑂ଷ ⇆ 𝐻ା + 𝐻𝐶𝑂ଷ
ି ⇆ 𝐻ା + 𝐶𝑂ଷ

ଶି 

in which K1 and K2 are the first and second acid-dissociation coefficients. CO2 is an 

essential carbon source that is used for photosynthesis and the generation of biomass in the 

culture of microalgae. Upon contact with water, it undergoes dissolution and forms carbonic 

acid, which then dissociates into bicarbonate and carbonate ions [189]. The pH, temperature, 

and CO2 partial pressure have an impact on the proportions of these species [190]. 

The variation in pH is an intrinsic characteristic of the development of microalgae and 

the processes of CO2 fixation. This variation is regulated by the balance between different 

forms of dissolved inorganic carbon and the dissolution of CO2. Various microalgae species 

have different preferences for pH levels in order to achieve optimum development. Studies 

undertaken by Chen et al., 2015, 2014; Kassim and Meng, 2017; Moghimifam et al., 2019 have 

shown that most species survive within a pH range of 6 to 8.5, which is slightly alkaline to 

neutral  Extremophile microalgae, namely Chlorella sorokiniana str. SLA-04, thrive in very 

K1 K2 
2.1 

TH-3503_176151004



Chapter 2 

 

37 

alkaline settings characterized by pH levels ranging from 9 to 11 [202,203]. These microalgae 

have shown a high level of efficiency in directly sequestering CO2 from the atmosphere. 

However, at increased CO2 conditions 10% to 25% , a decrease in pH below 4 was found [204]. 

Modifying pH levels via the use of different alkaline solutions might potentially improve the 

efficiency of carbon dioxide fixation in microalgae. An effective nutrient modulation approach, 

which mainly focuses on managing the nitrogen supply and availability, plays a critical role in 

regulating the pH of the medium by interacting with CO2 [205]. 

 

2.2.5 Impact of nutrient on microalgal CO2 fixation 

Nutrients are essential for the process of microalgal CO2 fixation, since they have a 

significant impact on cell development, metabolism, and enzyme activity. They play a crucial 

role in regulating the conversion of CO2 into metabolites during photosynthesis. The molecular 

formula of microalgal biomass, which includes essential components including carbon, 

nitrogen, phosphorus, magnesium, sulphur, and trace elements, highlights their importance in 

the cellular structure and function. Carbon, which makes up around 50% of microalgal 

biomass, highlights the importance of CO2 fixation for biomass formation [206]. This CO2 may 

be obtained from several sources, such as the atmosphere or industrial gaseous streams such as 

flue gas. After carbon nitrogen is essential for the development and metabolism of microalgae, 

making up around 6-10% of the cell's dry weight and being the second most abundant 

nutritional element of microalgae [207]. The nitrogen is mainly used for the synthesis of amino 

acids, purines, pyrimidines, amino sugars, amines and chlorophyll. Microalgae have the ability 

to use many nitrogen sources, including nitrate, nitrite, urea and ammonium salts. The 

availability of nitrogen has a major impact on the process of CO2 fixation and the total 

metabolic activity of microalgae. In a study by Ma et al. 2019 and Nguyen and Rittmann 2015 

on the microalga Chlorella vulgaris and Nannochloropsis , it was observed that nitrogen 

availability significantly control  the CO2 demand and overall growth rate. Many other 

similarly, research conducted by on other species highlighted the importance of nitrogen 

sources in regulating CO2 fixation efficiency and crucial role of carbon and nitrogen fixation 

and interaction  to maintain the stability in growth and metabolite regulation towards biomass 

production [80,113,209,210]. Nitrogen not only plays a function in biomass formation, but also 

has an impact on the carbonate chemistry and concentration of CO2 in the media [62]. The 

nitrogen and CO2 interaction are crucial for maintaining stoichiometric equilibrium and 
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ensuring the availability of carbon for photosynthesis and biomass production [179,211]. Prior 

research has shown clear patterns in alkalinity when different nitrogen sources, such as 

ammonia, nitrate, and urea (an organic nitrogen source), are supplied and interact with CO2 

[211]. The selection of the nitrogen source is crucial in controlling the pH of algal cultures on 

a large scale. A direct relationship was discovered between the concentration of dissolved 

inorganic carbon and the maintenance of alkalinity in the medium, which is crucial for 

maintaining CO2 dilution.  Efficiently managing nitrogen sources prevents the acidification of 

the medium and the loss of CO2, and maintain the metabolic regulation at elevated CO2 

condition [79,212]. 

In addition to nitrogen, phosphorus plays a vital role in microalgal metabolism by 

influencing nucleic acid synthesis and adenosine triphosphate (ATP) generation [213]. A 

previous study demonstrated that maintaining sufficient phosphorus availability under 

nitrogen-starvation conditions at 15% CO2 enhances cellular metabolic activity by redirecting 

carbon flux towards lipid accumulation in Chlorella vulgaris [214]. Numerous studies have 

investigated the utilization of a two-stage cultivation strategy involving phosphorus 

supplementation under nitrogen-deficient conditions for enhancing lipid production [215–218]. 

The availability of phosphorus interacts closely with carbon and nitrogen in microalgal cells, 

influencing cellular stoichiometry and nutrient uptake kinetics. Imbalances in the phosphorus-

to-carbon (P:C) and phosphorus-to-nitrogen (P:N) ratios can affect cellular metabolism, growth 

rates, and the efficiency of CO2 fixation, highlighting the importance of maintaining optimal 

nutrient ratios in microalgal cultures. A study conducted by Kumari et al., 2021 focused on 

Chlorella vulgaris. Under situations when nitrogen is restricted, the presence of phosphorus is 

crucial for maintaining carbon fixation, preventing substantial loss of biomass, and improving 

the quality of carbon-neutral compounds such as starch and neutral lipids [216,219]. This 

ultimately enhances the quality of biomass feedstock for bioenergy generation. In a research 

conducted by Yao et al., 2018 , it was shown that in Tetraselmis subcordiformis, when nitrogen 

is limited, microalgae tend to prioritize the uptake and utilization of phosphorus in order to 

maintain cellular homeostasis and metabolic activity. Phosphorus availability may indirectly 

regulate nitrogen intakes and impact the overall development and productivity of microalgal 

cultures under nitrogen-limited environments by supplying more ATP for the production of 

store energy molecules to sustain cellular energy for growth [213]. 

In addition, oligo and trace elements, such as sodium carbonate and chloride, control 

the solubility of carbon dioxide and oxygen and influence the development of biomass and the 

TH-3503_176151004



Chapter 2 

 

39 

creation of products. This highlights their significance in the culture of microalgae [220]. Metal 

ions, such as calcium and magnesium, have a crucial impact on enzyme activation. They 

specifically help stabilize the transition states of carboxylase and oxygenase activities in 

enzymes such as  Rubisco, which are essential for carbon dioxide assimilation [221]. 

Additionally, both ions also play a dominant role in the extracellular buffer chemistry of media. 

They interact with CO2 and other ions to induce the cell aggregation mechanism in microalgae 

[222,223]. 

Therefore, nutrients are essential for the development and CO₂ fixation ability of 

microalgae. Optimal and well-balanced nutrition availability enhances the growth of 

microalgal biomass, leading to higher efficiency in CO₂ utilization. Understanding the 

availability and intake of crucial nutrients, including nitrogen, phosphorus, and trace elements, 

is necessary for cellular functioning, photosynthesis, and metabolic processes involved in 

biochemical production. Optimizing nutrient synergy, such as the nitrogen-to-phosphorus ratio 

with CO₂, and directing carbon towards lipid or starch production can improve the quality of 

feedstock for bioenergy generation. However, imbalances or deficits in nutrients can result in 

suboptimal development and reduced CO₂ fixation rates. Additionally, the use of affordable 

and environmentally-friendly nutrient sources may enhance the economic feasibility and 

ecological sustainability of microalgal CO₂ capture systems. To fully exploit the potential of 

microalgae in carbon capture and bioenergy production, it is crucial to understand and optimize 

nutrient dynamics. 

 

2.2.6 Impact of flue gas compounds NOx and SOX on microalgal CO2 fixation 

Microalgae cultivated utilizing industrial flue gas are exposed to high concentrations of 

CO2, varying from 5% to 25%, along with other harmful substances including NOx and SOx. 

These compounds disrupt the capacity of the growing medium to maintain a stable pH [224]. 

When these flue gas components are introduced into the liquid phase of a microalgal culture 

system, they provide additional nitrogen and Sulphur compounds to the cultivation medium as 

shown in Figure. 2.5. Nitric oxide (NO) moderately dissolves and oxidizes into nitrite (NO2 
−) 

[225] and, depending on pH, the intermediate product from sulphur dioxide (SO2), sulphite 

(SO3
2−) or bisulphite (HSO3

−)  finally converted to sulfate (SO4
2-) [226]. Various microalgal 

species exhibit varying degrees of tolerance to these pollutants and elevated levels of CO2. 
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Fig 2.5. Flue gas compounds interaction in cultivation media and utilization in microalgal 

systems 

 

In this specific context of flue gas compounds dilution and uptake , the nitric oxide 

(NO) in the exhaust gas slowly dissolves and oxidizes into nitrite (NO2) [227]. This nitrite may 

serve as a nitrogenous substrate for microalgae without causing any detrimental effects on their 

growth. NOx reduction occurs via two mechanisms: direct diffusion into cells, resulting in the 

conversion to nitrite and nitrate, or dissolving in the suspension, leading to the creation of 

nitrate and nitrite, which are then absorbed by the cells [228]. 

Vacuoles function as storage chambers for excess nitrogen, while the remaining 

nitrogen is converted into ammonium inside the chloroplast and used for the synthesis of 

essential macromolecules [229]. Meanwhile, sulphur dioxide (SO2) produces intermediate 

compounds such as sulphite (SO3
2−) or bisulphite (HSO3

−) depending on the pH level, finally 

transforming into sulphate (SO4
2−) [90]. Extended exposure to flue gas leads to the 

accumulation of these compounds, which in turn produces a rapid decrease in the pH of the 

substance. Sulphate ions have a significant role in reducing pH, and the high solubility of SO2 

in the liquid phase accelerates the accumulation of SO4
2− [156]. The impact of changes in fuel 

gas composition on NOX and SOX varies depending on the source type and the tolerance 

capabilities of each species, as seen in Table 2.3. Chlorella minutissima, derived from a thermal 

coal power station, has a high tolerance to NOX levels of up to 60 ppm and SOX levels of 0.3% 
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[230]. Chlorella vulgaris, derived from a coal burning boiler, demonstrates resilience to 

elevated levels of nitrogen oxide (NOX) at 250 ppm and sulphur oxide (SOX) at 180 mg/L  , 

while maintaining a productivity rate of 40 mg/L day-1  [227]. 

Scenedesmus abundans, obtained from a coal burning power station, has a moderate 

level of resistance to NOX at 207  mg/L and to SOX at 53 mg/L . However, its production is 

poor. Scenedesmus acutus, a microalgae species found in coal-fired power plants, is capable of 

tolerating nitrogen oxides (NOX) concentrations ranging from 50 mg/L to 80 mg/L and sulphur 

oxides (SOX) concentrations up to 30 ppm [231]. Desmodesmus abundans UTEX 2976, when 

exposed to flue gas from the cement industry, exhibits significant resistance to NOX at a 

concentration of 100 mg/L and SOX up to 600 mg/L [90]. Additionally, it maintains a biomass 

productivity of 27 mg/L day-1. This illustrates its capacity to tolerate high levels of SOX without 

compromising its growth performance. 

The impact of flue gas pollutants NOx and SOx on microalgal CO₂ fixation is intricate, 

including both beneficial and challenging factors, since some species use these compounds as 

nutrition. Comprehending these consequences and formulating approaches to reduce negative 

effects are crucial for maximizing the use of microalgae in CO₂ capture and biofuel generation. 

By harnessing the adaptive characteristics of microalgae and using specific treatments to 

mitigate adverse impacts, it is feasible to augment the sustainability and efficiency of this 

method of treatment, making it a viable resolution for environmental and energy concerns. 

 
Table 2.3. Microalgal Strains Cultivated from Flue Gases of Various Industries  

Microalgal 
Strain 

Flue gas 
source from 

different 
industry 

Flue gas 
composition 

CO2 
fixation 

rate 

Biomass 
productivity 

 

References  

CO2 SOX NOX 

Chlorella 
minutissima 

 

Thermal coal 
power plant 

11 % 0.3% 60 
mg/L 

80 
mg/L/day 

21 g/m2 /day [230] 

Chlorella 
vulgaris 

Coal burning 
boiler 

 

6 % 180 
ppm 

250 
mg/L 

- 40 mg/L/day [227] 

Chlorella 
sorokiniana 

Fossil diesel 
fuel engine 

 

12 % - 613 
mg/L 

- 83 mg/L/day [232] 

Scenedesmus 
abundans 

 

Coal burning 
power plant 

 

14 % 53 
ppm 

207 
mg/L 

- 16 mg/L/day [231] 
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Scenedesmus 
acutus 

(UTEX B72) 
 

Coal-fired 
power plant 

 

10-
13%, 

0-30 
ppm, 

50–80 
mg/L, 

200 
mg/L/day 

110 
mg/L/day 

[233] 

Chlorella 
vulgaris 

Combined 
heat and 

power plant 
 

7.4 
% 

4.4 
mg/ 
m3 

38 
mg/m3 

 27 mg/L/day [234] 

Chlorella sp. Thermal coal 
fired power 

plant 
 

10 30 
ppm 

61 
mg/L 

187 
mg/l/day 

108 
mg/L/day 

[235] 

Scenedesmus 
obliquus 
WUST4 

 

Cooking 
chemical 
industry 

18 200 150 
mg/L 

- 124 
mh/L/day 

[168] 

Chlorella sp. 
MTF-15 

Coal 
carbonization 

industry 
 

22-
26 % 

15-
20 

ppm 

25-3 
mg/L   

20-35 
g/L/day 

342 
mg/L/day 

[236] 

Nannochloropsis 
oceanica 

 

Coal fired 
power plant 

13 % 30 
ppm 

139 
mg/L 

25 
mg/L/day 

13  
mg/L/day 

[138] 

Chlorella sp. 
MTF-15 

 

Steel 
Industry 

23 % 87 
ppm 

78 
mg/L 

- 360 
mg/L/day 

 

[224] 

Haematococcus 
pluvialis  

NIES-144 
 

Heat and 
power plant 

5 % - 22 
mg/L 

 31.6 
mg/L/day 

[237] 

Desmodesmus 
abundans UTEX 

2976 
 

Cement 
industry flue 

gas 

25 % 600 
ppm 

100 
mg/L 

0.416 227 
mg/L/day 

[90] 

 

2.3 Process Strategy for the Enhancement of microalgal CO2 fixation 
Efficiency  

2.3.1 Light and nutritional management process strategies for improving CO2 fixation 

and biochemical production 

Efficiently maximizing the process of microalgal CO2 fixation is crucial for sustained 

carbon negative biomanufacturing of biochemicals. This requires optimizing both light and 

nutritional parameters, as stated by Morales et al., 2018 . The phenomenon of light absorption 
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and transmission in microalgal suspensions is crucial in determining the rates of photosynthesis 

[238] . Photobioreactors (PBRs), such as tubular and flat panel designs, have been carefully 

designed to improve the collection and use of light, resulting in the highest possible 

accumulation of biomass [239]. Nevertheless, there are still obstacles to overcome, particularly 

the issue of uneven light distribution resulting from the presence of microalgal cells that contain 

a high concentration of pigments, as well as the light-blocking effects that occur when the cell 

density is high [240]. In order to tackle this issue, approaches such periodic cell pre-harvesting 

utilizing recycled media have been developed  and result in the improvement of CO2 fixation  

by 20% [241]. This helps to reduce the impact of light attenuation and allows for better light 

penetration, which in turn helps to control growth during exponential periods. 

In addition, the idea of particular light intake has become more important. This concept 

involves an increase in light intensity as biomass density increases, which is referred to as the 

lumostatic enhanced notion. This novel method has shown potential in improving growth and 

allowing the creation of certain products, as demonstrated in species such as Haematococcus 

pluvialis, Chlorella zofingiensis, and Chlorella minutissima [241–244]. In addition, Ma et al. 

2024 research on dynamic light feeding models has shown significant improvements in rates 

of CO2 fixation to 270 mg/L day-1. 

Aside from light, the nutrient feeding strategy, namely nitrogen (N) and phosphorus 

(P), is developed as they are major nutrient source essential for the growth of microalgae and 

their capacity to convert CO2 into organic compounds. Research has clarified that nitrogen-

based fed-batch methods are effective in improving the growth of biomass and the rate at which 

carbon dioxide accumulates in species like Isochrysis galbana and Desmodesmus with 15 to 

22 %  [245,246] . This leads to higher biomass productivity and enhanced rates of CO2 fixation. 

In addition, it is critical to appropriately manage nitrogen sources due to their significant impact 

on carbonate chemistry and CO2 dilution, both of which are critical for the preservation of 

carbon availability and stoichiometric equilibrium. Phosphorus, an essential ingredient for 

metabolism and cell development, is mainly obtained from phosphates in microalgae 

production [247]. Previous studies have shown that providing an adequate amount of 

phosphorus while depriving the cells of nitrogen may boost cellular metabolic activity and 

promote the accumulation of lipids. This leads to a maximum lipid content of 31.6% of the dry 

weight of biomass [248]. Furthermore, results that are encouraging in terms of increasing lipid 

production have been obtained through the investigation of a two-stage cultivation method that 

incorporates phosphorus supplementation in nitrogen-deficient environments. Studies suggest 
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that controlling the quality of light and nitrogen levels, together with modifying the carbon 

supply, may effectively manage microalgae for the synthesis of macromolecules [249]. 

Nevertheless, the impact of light quality and nitrogen levels on biochemical composition differs 

considerably among different species. 

It is crucial to maintain proper nutrient concentrations since insufficient or excessive 

quantities might hinder the growth of microalgae and the process of CO2 fixation. 

Photobioreactor engineering strategies, such as the use of self-adaptive PBRs with anion 

exchange membranes, enable the continuous flow of nutrients, which enhances the 

development of biomass and metabolite regulation [250]. Additionally, the precise adjustment 

of nutrient amounts and ratios via control and monitoring systems can efficiently meet the 

evolving metabolic requirements of microalgae and successfully address the physiological 

challenges faced by microalgae under varying climatic conditions[251,252].  

Efforts to improve the way light is distributed inside PBRs have shown potential, since 

solutions like internal light sources or light-guiding materials have been able to overcome 

traditional design constraints [253] . Strategies such as arranging LEDs in a hexagonal closest-

packed arrangement or vertically inserting transparent tubes into PBRs have shown promise in 

enhancing the dispersion of light and increasing biomass production from 1.5 to 3.56 g/L [254]. 

Overall, in order to increase the efficiency of microalgal CO2 fixation, it is critical to optimize 

both irradiation and nutritional conditions. Biomanufacturing processes and microalgae-based 

CO2 capture systems have a great deal of potential to increase biomass productivity via the use 

of dynamic nutrient feeding schemes and innovative engineering approaches. 

 

2.3.2 Use of additive for improvement of CO2 mass transfer in microalgal cultivation 

system 

In order to optimize the transfer of CO2, it is often necessary to create highly alkaline 

conditions with a pH level above 10. This allows CO2 to react with hydroxide ions and form 

bicarbonate (HCO3
−). The speed of this process, determined by the reaction's kinetics, is 

significantly higher than that of CO2 reacting with water to produce carbonic acid (H2CO3). 

Algae species that thrive in high pH environments, like Spirulina, are essential for operations 

at elevated pH levels due to their remarkable ability to tolerate and flourish in such conditions. 

Rapid CO2 dilution occurs when solutions with a very alkaline pH, particularly those beyond 

pH 10, enhance the presence of dissolved inorganic carbon, even in situations of low CO2, 
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directly from the atmosphere. This phenomenon is found in cultures of Chlorella sorokiniana 

SLA-04 [202,203]. An integrated strategy is employed to combine alkali solutions with a 

microalga growing medium in photobioreactor, leading to the formation of two carbon 

transportation paths. The first step involves microalgae using CO2 directly through 

photosynthesis. Another approach is to utilize alkali solutions, such as Na2CO3 [255,256] and 

K2CO3 [257] to absorb CO2. The salts undergo a transformation into bicarbonate salts within 

the medium prior to being utilized by microalgae. Exposure to common amine alkali 

absorbents, such as tertiary amine TEMDA, amine DACH, monoethanolamine (MEA), 2-

amino-2-methyl-1-propanol (AMP), diethanolamine (DEA), and triethanolamine (TEA) [71] , 

resulted in an observed improvement in the metabolic activity of Scenedesmus sp. and 

Chlorella sp. [258,259]. The presence of bulky alkyl groups adjacent to amine groups in these 

absorbents resulted in the instability of the carbamate intermediates, which in turn facilitated 

their hydrolysis into bicarbonate [258]. This ultimately led to a decrease in cell inhibition. 

Adding a solution of amines to promote cell development in a regulated way has been shown 

to be advantageous for enhancing the process of photosynthetic CO2 fixation. This is achieved 

by adjusting the ratio of TEA to cell density and counteracting the negative impact of ammonia 

inhibition [260]. This method ensured a reliable and steady supply of dissolved inorganic 

carbon (DIC) for algal fixation, without causing any major hindrance to cell development. 

 

2.3.3 Photobioreactor engineering for improvement in CO2 mass transfer 

Considerable study has been carried out to investigate the design of photobioreactors 

with the aim of optimizing the supply of CO2 for microalgal fixation, while simultaneously 

minimizing medium acidification and CO2 loss. A photobioreactor engineer specializes in 

improving the design and functionality of photobioreactors (PBRs) to increase their efficiency, 

user-friendliness, and ability to be scaled up. Primary areas of concentration are altering the 

surface-to-volume ratio (S/V ratio) and enhancing the processes of mixing and mass 

transfer[119,132]. These improvements are crucial for optimizing the efficiency of microalgae 

production in PBRs, by enhancing the rate at which CO2 is transferred or taken up. The used 

method improves the transfer of carbon to the surfaces of microalgae by optimizing the rate at 

which it transitions from the gas phase to the liquid phase. As a result, it boosts the overall 

effectiveness of the photobioreactor system in capturing carbon and increasing biomass output. 

The size of bubbles has an adverse effect on sparging efficiency. Larger bubbles enhance gas 

TH-3503_176151004



Literature review and Objective  

 

46 

transportation, whereas smaller bubbles aid in mixing. The dimensions of bubbles are 

determined by parameters such as the diameter of the sparger orifice and the velocity of the gas 

flow.  When using aeration holes of a significant size (>1 mm), it results in the formation of 

bubbles that are at least 5 mm in diameter. Conversely, tiny openings for aeration produce 

macrobubbles that are larger than 100 μm, [188] microbubbles ranging from 1 μm to 100 μm, 

and nanobubbles smaller than 1 μm [129]. Regulating the size of bubbles is essential for 

maintaining efficient gas retention. The traditional approach for delivering CO2 involves the 

use of aerators or spargers installed at the bottom of ponds or photobioreactors. These devices 

influence the dimensions of the bubbles, the surface area of contact, the duration of CO2 

interaction with the liquid, and the process of CO2 dissolution into the liquid [261]. Sparging, 

often done using porous stones or air diffusers, is a frequently used technique in microalgae 

production systems to inject carbon dioxide into the culture media. Micro/nanobubble diffusers 

enhance gas retention by augmenting the surface area to volume ratio. The current research is 

mostly focused on innovative aerator designs [262]. 

Huang et al. 2017 designed circular stomata plate aerators with precisely sized pores 

and spacing to improve the performance of bubbles, leading to a 83.5% in CO2 fixation. Y. 

Song et al. 2020 used 3D printing technology to create microporous fibrous-diaphragm aerators 

that had a range of gradient micropores, ranging from 6 μm to 126 μm. This resulted in an 

enhancement of inorganic carbon availability in the surrounding medium, leading to a 15% 

increase in biomass production. Lim et al. 2023  performed. an evaluation of three gas spargers 

in a flat-panel photobioreactor. The study revealed surprising results regarding microbubble 

generation and suggested the use of a dual-mode sparger system. This system consists of 

normal bubbles ranging from 100 to 120 microns and microbubbles ranging from 60 to 80 

microns. The purpose of this system is to improve the mixing of cells and enhance the transfer 

of CO2 concurrently. The application of Venturi injector microbubble generators, specifically 

aimed at CO2 capture and microalgae cultivation, has led to the development of a novel 

Venturi-integrated photobioreactor. This innovation results in an 86% to 98% increase in CO2 

capture efficiency [130]. 

A novel membrane carbonation method has been recently developed to enhance the 

utilization of CO2 by microalgae. This method allows for the injection of CO2 into the liquid 

solution by diffusion using a non-permeable hollow fiber barrier, therefore preventing the 

production of visible bubbles [266,267],. This approach offers a carbon mass transfer efficiency 

that exceeds traditional sparging methods by 30% to 50% in terms of CO2 mass transfer in a 

TH-3503_176151004



Chapter 2 

 

47 

photobioreactor [41]. Increasing the efficiency of CO2 mass transfer requires higher pressure 

and energy consumption compared to conventional bubbles. Conducting a comprehensive 

assessment of the costs, environmental effect, and economic rewards is essential to establish 

the practicality of adopting these enhancements in real-world commercial systems. 

 

2.4 Key Challenges and Solutions for sustainable and Cost-effective 
microalgal CO2 Capture Development 

Microalgae are considered feasible alternatives for capturing CO2 and sustainably 

producing biofuels and biochemicals due to their rapid growth rates, abundant lipid content, 

and ability to flourish in many environmental conditions. However, the implementation of 

microalgal biomanufacturing processes faces significant challenges related to strict process 

parameters and environmental conditions. An important concern is on the interaction of flue 

gas molecules inside the culture medium. As shown in section 2.1, the introduction of flue gas 

components might lead to acidification of the culture medium, which hampers the carbonate 

chemistry essential for the dilution of CO2. This disruption impedes the process of carbon 

dioxide dissolution, hence restricting the growth of microalgae. The influence of fluctuating 

environmental circumstances, namely light and temperature, on the process of CO2 fixation 

and biochemical synthesis in microalgae is substantial. Therefore, it is crucial to screen, select, 

and analyze microalgae in order to identify strains that can thrive in these difficult 

environmental conditions. The presence of acidic compounds such as sulphur oxides (SOX) 

and nitrogen oxides (NOX) in flue gases complicates this process by disturbing the necessary 

pH balance for optimal microalgal formation. Understanding the capacity of different 

microalgal strains to adjust to changing environmental circumstances is essential for enhancing 

the efficiency of CO2 capture and boosting biomass production. Assessing the adaptation of 

strain may provide useful information for establishing efficient cultivation methods that 

maximize biomass production and fixation of CO2. 

Another major challenge is the creation of effective process engineering solutions to 

improve the utilization of CO2 and increase the synthesis of biochemicals from biomass. In 

order to increase biomass production and decrease CO2 emissions, it is crucial to efficiently 

control the composition of the growth medium, while continuously supplying CO2 in its 

gaseous phase, and comprehending its synergistic interaction with other factors. As mentioned 

before, the microalgal process of capturing and using CO2 is influenced by several non-living 
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elements such as the intensity of light, temperature, pH level, and availability of nutrients. The 

parameters undergo dynamic changes as microalgae growth progresses. Dynamic fluctuations 

in pH throughout development, as well as changes in light and nutritional requirements, may 

significantly impact the activity of enzymes involved in carbon fixation. Therefore, it is crucial 

to fully understand and assess all of these variables and how they interact with each other in 

order to improve the efficiency of carbon dioxide fixation and biochemical synthesis. 

Moreover, the development of efficient harvesting technology is a significant 

challenge. Implementing a harvesting technique that balances continuing growth with minimal 

negative impacts on productivity and biomass quality is crucial. Efficient harvesting 

procedures should strive to reduce energy and water use, minimize ecological consequences, 

and sustain high levels of product retrieval. The advancements in technology increase the 

competitiveness and sustainability of microalgal biomanufacturing as a platform for renewable 

energy and bioproducts. 

To advance the feasibility and scalability of microalgal biomanufacturing technologies, 

it is essential to address these limitations, particularly in reducing CO2 emissions. The objective 

of this thesis is to improve the sustainability and effectiveness of microalgal biomanufacturing 

for the production of biofuel and biochemicals. This will be achieved by utilizing novel 

approaches in strain screening, process engineering, media optimization, and harvesting 

technology development, with a particular emphasis on the utilization of CO2. This study aims 

to improve these crucial areas in order to greatly decrease environmental effects and 

operational expenses, therefore improving the competitiveness of bio-based manufacturing 

compared to fossil-based alternatives. In essence, this thesis aims to significantly contribute to 

the continuing shift towards a more sustainable and resilient bio-based economy. This work 

intends to use the capabilities of microalgae to capture CO2 and generate valuable bio-products. 

The goal is to develop cleaner energy sources and efficiently reduce our carbon footprint, 

resulting in benefits for both society and the environment. 

2.5 Objectives 

1. Screening, selection, and evaluation of microalgae under harsh environmental 
conditions: 

2. Evaluation of acclimation capacity of microalgal strains in different light and 
temperature condition and its impact on CO2 fixation and biomass production: 
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3. Process engineering strategy for enhancing CO2 utilization and biomass-derived 
biochemical production: 

4. Development of microalgal harvesting process in continuous growth phase with 
minimal impact on productivity and biomass quality 
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Chapter 3 
 

Screening, Selection, and Performance Evaluation 
of Resilient Microalgae in Extreme Environmental 

Conditions 
 

 

3.1 Background and motivation 

The systematic screening, selection, and evaluation of microalgae under harsh 

environmental conditions in bench scale are crucial for the development of an efficient and 

resilient strategy for scaling up microalgal strains to achieve commercial and industrial 

viability. Identifying dominant microalgal strains that can thrive in environments with high 

concentrations of CO₂ and contaminants such as nitrite, sulfate, and bisulfite byproducts of 

SOx and NOx in aqueous media presents both a challenge and an opportunity. This chapter 

presents a systematic approach for screening, acclimating, and evaluating the performance of 

microalgal strains that are resilient and well-suited for the purpose of CO2 sequestration and 

biofuel generation. This is accomplished by utilizing acidic and toxic chemicals found in flue 

gas emissions, shown in the schematic work plan diagram Figure. 3.1.  It begins with a thorough 

screening of 13 microalgal strains to evaluate their tolerance to the complex composition of 

industrial flue gas, which includes elevated levels of CO2, SOx, and NOx dissolve compounds 

when interact with aqueous phase, serving as the sole sources of carbon, nitrogen, and sulfur. 

Growth rate metrics, such as specific growth rate (μ) measured in day-1 and photosynthetic 

performance indicators, including maximum quantum yield (Fv/Fm), are used to assess the 

initial screening. Strains showing promising growth and adaptation to these conditions are then 

subjected to further acclimatization through a two-stage cultivation strategy. Initially, selected 

strains are cultivated with all dissolved components of flue gas and bicarbonate as the carbon 

source. This is followed by exposure to 15% CO2 as the sole carbon source in the same medium. 

The acclimatization process involves gradually increasing the concentrations of flue gas 

components to facilitate adaptation to higher levels of CO2 and pollutants. Throughout this 

process, continuous monitoring of growth rates and photosynthetic efficiency (Fv/Fm) ensures 

the robustness of the acclimatization.
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Subsequently, the strains undergo evaluation in a semi-continuous growth phase under 

continuous industrial flue gas conditions to assess their stability in CO₂ fixation and lipid 

production. Metrics such as CO2 fixation rate (mg CO2 L-1 day-1) and lipid productivity (mg L-

1 day-1) are used to quantify their performance. The systematic approach includes eight bench-

scale experiments, each with specific objectives outlined in Table 3.1. These experiments aim 

to establish crucial initial bench scale study for developing robust microalgal solutions for 

carbon capture and renewable energy production. 

The main outcomes of this study, among the thirteen microalgal strains, six exhibited 

significant growth on flue gas salt medium when sodium bicarbonate was the only carbon 

source. Further evaluation was conducted on 6 strains to assess their growth and photosynthetic 

ability in 15% CO2 condition. Strains NCIM5584 and KMC8 exhibited the greatest resistance 

to flue gas chemicals, while still retaining substantial biomass yield and photosynthetic 

efficiency. KMC8 had the greatest rate of biomass production in the treatment medium, with a 

value of 52.5 mg L-1day-1, while NCIM5584 revealed a biomass productivity of 48.4 mg L-1 

day-1. Both strains had favorable Fv/Fm ratios of 0.55 and 0.58, respectively, suggesting that 

photosynthesis was actively occurring and potential of utilizing the flue gas compounds in their 

photosynthesis process. The cells' development was enhanced through a gradual acclimation 

to dissolved SOx and NOx molecules. This acclimation led to an increase in photosynthesis 

performance, with Fv/Fm 0.63 from 0.58, similar to the control value observed in normal BG-

11 media. As a result, the cell density increased by 1.5 times and the specific growth rate for 

KMC8 reached 0.214 d-1. The rates of CO2 fixation and the efficiency of utilization were 

enhanced by more than 2.5 times in both strains. KMC8 demonstrated exceptional performance 

in neutral lipid accumulation (up to 20%) and CO2 fixation (346.43 mg L-1 day-1), which renders 

it a viable candidate for biofuel production. The stability of KMC8 in semi-continuous CO2 

bio-mitigation processes was validated by scale-up tests in photobioreactors. In a mode of 5 

cycles, the CO2 fixation rate varied between 313 and 363 mg L-1 day-1, whereas the efficiency 

varied between 7.66% and 8.57%. The average biomass and lipid productivity were 3.15 mg 

L-1 day-1 and 45.34 mg L-1 day-1, respectively. 
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Fig. 3.1. A systematic approach to screening, acclimation, and assessing microalgal strains for 
the aim of CO2 sequestration using acidic and toxic flue gas compounds 
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Table 3.1: Number of Experiments performed with their cultivation condition and objectives 

Exp. Treatment media Control 
media 

Strains 
used 

Culture 
vessel & 
Volume 

Biotic variable 
measured 

Objective 

Exp.1 Flue gas salt media 
with bicarbonate as 
carbon source 

- 13 100 ml (50 
ml W.V*) 

Cell density on the basis of 
cell number 

Adoptability 

Exp.2 Flue gas salt media 
with bicarbonate as 
carbon source 

BG-11 media 6 1L (500 ml 
W.V) 

Fv/Fm, Pmax*, µ*, 
Photosynthetic pigment 

Tolerance capability 
to flue gas salt 

Exp.3 Flue gas salt media 
with 15% CO2 as 
carbon source 

Carbon free 
BG-11 media 
with 15 % 
CO2 

6 1L (500 ml 
W.V) 
 

Fv/Fm, Pmax , µ, 
Photosynthetic pigment 

Tolerance capability 
to flue gas salt at 
elevated CO2 
condition 

Exp.4 Flue gas salt media 
only with nitrite and 
Sulphite /bisulphite 
separately 

Carbon free 
BG-11 media 
with 15 % 
CO2 

KMC-8, 
NCIM-5584 

250 ml (100 
ml W.V) 

Biomass growth dynamic 
profile 

Understanding the 
effect of individual 
dissolve FGC on 
Growth 

Exp.5 Gradient phase addition 
of sulphite /bisulphite 
with 15% CO2 carbon 
source 

Carbon free 
BG-11 media 
with 15 % 
CO2 

KMC-8 
NCIM-5584 
 

250 ml (100 
ml W.V) 

Biomass growth Acclimation of strains 
towards dissolve flue 
gas compounds 

Exp.6 Flue gas salt media 
with 15% CO2 as 
carbon source 

- KMC-8 (Wild, 
Acclimated) 
NCIM-5584 
(Wild, 
Acclimated) 
 

1L (500 ml 
W.V) 

Dynamic growth profile, 
Fv/Fm , Pmax µ, CF* ,CU*, 
NRR* , Photosynthetic 
pigment and Biochemical 
composition 

Study the change in 
growth, Nutrient, CO2 
uptake and biomass 
composition after 
acclamation of strain 
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*Note – W.V (working volume), Pmax (Biomass productivity), µ(specific growth rate), NRR (Nutrient removal rate) , FGC (flue gas compounds), 
CF and CU (CO2 fixation rate and utilization efficiency). 

 

 

 

Exp.7 Flue gas salt media 
with 15% CO2 as 
carbon source 

Carbon free 
BG-11 media 
with 15 % 
CO2 

KMC-8 (Wild, 
Acclimated) 
NCIM-5584 
(Wild, 
Acclimated) 

2 L Bubble 
column 
PBR (1.8 L 
W.V) 

Dynamic profile of 
Biomass growth and NRR 
 

Performance of 
acclimated strain in 
terms of growth and 
nutrient uptake in 
PBR 

Exp.8 Continuous supply of 
Nitrate and sulphate 
with 15% CO2 as 
carbon source 

- KMC-8 
Acclimated 
strain 

2 L Bubble 
column 
PBR (1.8 L 
W.V) 

Dynamic profile of 
Biomass growth, CF and 
CU 
 
 

To check the 
performance in 
continuous 
availability of 
dissolve FGC 
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3.2 Materials and methods 

3.2.1 Microalgal strains and culture medium 

Thirteen green alga (Chlorophyceae) strains used in this study were either consisted of 

our own isolations from domestic sewage wastewater or procured from national culture facility, 

NCIM (National Collection of Industrial Microorganisms, National Chemical Laboratory, 

Pune, India). The five strains included in the Chlorellaceae family are Chlorella pyrenoidosa 

(NCIM2738), Chlorella sorokiniana (KMC5), Chlorella thermophile (MF179624), 

Micractinium pusillum (KMC8) , Chlorella FC-2. The five strains from the Scenedesmaceae 

family are Scenedesmus abundans (NCIM2897), Scenedesmus acutus (NCIM5584), 

Desmodesmus armatus (NCIM5583), Desmodesmus abundans (KMC3), and Acutodesmus 

deserticolal (KMC6). The three strains from the Selenastraceae family are Monoraphidium 

convolutum (KMC2), Monoraphidium sp. (KMC4), and Monoraphidium contortum (KMC7). 

The strains mentioned have a recognized capacity to adapt to wastewater conditions and to 

mitigate CO2 [268–271]. The strains were cultivated on a regular basis, once a week, in 

Erlenmeyer flasks with a capacity of 250 mL. Each flask contained 100 mL of BG-11 media 

[272]. The pH of the medium before to autoclaving was 7.8, and it was not regulated throughout 

the growth process. The cultures were placed in an illuminated orbital incubator shaker 

(Scigenics (India) Pvt Ltd, India) and kept at a temperature of 25 °C. The cultures were exposed 

to a continuous light intensity of 150 μmol photons m-2 s-1 and were agitated at a speed of 150 

rpm. 

In order to assess the level of tolerance and the pace at which NOX and SOX are removed 

as a nutritional source, the strains were cultivated in flue gas salt medium (FGS). This was 

achieved by removing the carbon, nitrogen, and sulphur sources from the BG-11 media 

(Camargo and Lombardi, 2017).  In the BG-11 medium, sodium nitrate (NaNO2) was 

substituted with sodium nitrite (NaNO3) at a concentration of 17 mmol L-1, and magnesium 

sulphate was replaced with MgCl2·6H2O at a concentration of 0.3 mmol L-1. In order to induce 

the presence of SOX compounds in the culture medium, Sodium sulphite and bisulphite were 

used as supplementary components. This was done to obtain a concentration of sulphite (SO3
2-

) and bisulphite (HSO3
-) at 0.625 and 0.617 mmol L−1 respectively in the modified BG-11 

media. The purpose of maintaining this concentration was to ensure that each compound 

remained at a level of 50 mg L-1. The control for the experiment consisted of using native BG-

11 media, unless otherwise specified. In the preliminary screening experiment, the culture 
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media initially contained 100 mmol L-1 sodium bicarbonate (NaHCO3) to maintain a high 

carbon level. Later on, in the modified BG-11 media (FGS), sodium carbonate was replaced 

with a mixture of 15% CO2 and compressed air as the carbon source. 

 

3.2.2 Culture condition and Selection of strains 

Microalgal growth was evaluated on the basis of counting cell number in a Neubauer 

Hemocytometer under an inverted microscope (Axio Scope.A1, Zeiss, US). For this, the 

microalgal strains were cultivated in FGS media with bicarbonate as carbon source (described 

in section 3.2.1) in 100 mL Erlenmeyer flasks (50 mL culture). These were incubated with cell 

density (OD680 = 0.1), in an orbital incubator shaker with condition as described previously, for 

20 days in batch mode, in order to adapt the cells to dissolved flue gas compounds. 

Out of the thirteen strains screened, six were selected for further experiments on the 

basis of their adaptation to FGS media based on higher cell count. They were scaled up to 500 

mL in 1 L Erlenmeyer flasks in same conditions described above for their growth and 

photosynthetic performance analysis. In the second phase of screening experiments, selected 

strains were exposed to 15% CO2 mixed with compressed air as sole carbon source at a flow 

rate of 50 mL-1 min-1 (0.1 vvm). 

Two of these strains showing better performance in terms of higher growth and 

enhanced photosynthesis rate, were selected for further experiments. The two selected strains 

were evaluated in a 2 L laboratory-scale photobioreactor (PBR) with a custom-made bubble 

column for conducting dynamic experiments on growth, pH, and utilisation of nutrients. Figure 

3.2a and b provide comprehensive illustrations and actual experimental conFigureurations, 

including the lighting, temperature, and aeration systems. The reactor was constructed using 

borosilicate glass owing of its exceptional durability and ability to transmit light. A 15% 

concentration of CO2 was introduced into the reactor via the bottom at a flow rate of 500 mL 

min-1. This was achieved by using a specially built double ring sparger made of perforated 

silicone rubber tubing with an outer diameter of 60.2 mm and a thickness of 2 mm. The purpose 

of this design was to aid aeration by generating small bubbles. The PBR temperature was 

maintained at 25 °C with the help of chiller/water bath. The system was illuminated by cool 

white LED panels (3 x 50 W per reactor, 6500 K color temperature) installed perpendicular to 

the surface of the reactor on one side, providing 200 μmol m-2 s-1 light intensity. The height to 

diameter ratio (H/D ratio) of reactor was 4.5 (H = 0.54 m, D = 0.08 m), with culture volume of 
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1.8 L, height of media culture (or culture depth) was of 0.365 m and 0.17 m space was left as 

head space which is required to remove the surplus oxygen from the reactor. Light intensity 

was controlled with voltage and current regulation by a DC regulator. The most potential strain 

was identified on the basis of better specific growth rate, enhanced nutrient removal efficiency 

and CO2 kinetics and finally tested in a semi-continuous batch mode by pulse feeding flue gas 

compounds. The flask experiments were carried out in triplicate the data thus obtained was 

represented as mean ± std. dev. The scale up experiment in PBR was performed once however 

with control light and temperature conditions. 

 

 
 

(a) 

a 
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(b) 
 
Fig. 3.2. Comprehensive (a) sketch illustrations and (b) actual experimental setups of the 2 L 
custom-made bubble column laboratory-scale photobioreactor (PBR), detailing the lighting, 
temperature, and aeration systems 

 

3.2.3 Evaluation of the impact of nitrite and sulphite/bisulphite on growth 

An experiment was conducted to assess the specific impact of NOx or SOx chemicals 

on the growth performance of chosen strains.  In the process of NOx treatment, the nitrogen 

source nitrate was substituted with nitrite, maintaining an equal concentration of nitrogen in 

the standard BG-11 medium. For the treatment of SOx, a concentration of 50 mg L-1 of both 

sulphite and bisulphite was used as the source of sulphur in a sulphur-free BG-11 medium, as 

detailed in Table 3.1. The cells were cultured in a 1 L Erlenmeyer flask, with a working capacity 

of 500 mL. The initial inoculum density was measured using an optical density of 0.1 at a 

wavelength of 680 nm. The cells were cultured for a duration of 20 days. The studies were 

conducted three times, and the cultures were cultured on BG-11 medium, which served as the 

control. During both control and treatment trials, a process was carried out to remove 15% of 

CO2 from the bottom of the flask, as explained in section 3.2.2. 
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3.2.4 Acclimation of strains towards sulphur compounds 

In this experiment, the impact of sulphur compounds on the suppression of microalgal 

development was observed over a period of 20 days. The growth of biomass was compared to 

a control group at regular intervals. The strains' ability to tolerate increasing concentrations of 

sulphur ion (SO3
2-/HSO3

-) during their growth was assessed by exposing the cultures to varying 

concentrations of SO3
2- and HSO3

-. The concentrations ranged from 10 mg L-1 to 50 mg L-1, 

with increments of 10 mg L-1. Nitrite and 15% CO2 were used as the nitrogen and carbon 

sources, respectively, during the whole experiment. The BG-11 medium containing 15% CO2 

was used as the control. 

A gradient adaptation approach was used to enhance the strain's resistance to sulphur 

compounds (SO3
2-/HSO3

-). Sulphur compounds, namely SO3
2- and HSO3

-, were introduced into 

sulphur-free BG-11 medium. The concentration of each compound ranged from 20 to 50 mg 

L-1, with an increase of 10 mg L-1. The media included 15% CO2 as the only source of carbon. 

The incremental rise occurred only when the strain achieved comparable cell growth to that of 

the control. The number of cycles required to achieve cell tolerance to a certain concentration 

of sulphur compounds at each incremental increase was measured. The acclimated strain was 

evaluated in contrast to the wild strain in terms of growth, photosynthesis, biochemical 

composition, nutrient elimination, and CO2 utilisation efficiency after being exposed to sulphur 

compounds. 

 

3.2.5 Scale up culture in Photobioreactor 

The growth, pH, nitrite consumption, and sulphate consumption of both wild type and 

acclimated strains were observed and compared in a 2 L bubble column photobioreactor (with 

a working volume of 1.8 L) during a 20-day batch culture. The cultivation conditions stated in 

section 3.2 were used. An experiment consisting of 5 cycles, each lasting 11 days, was 

conducted to assess the impact of hazardous chemicals on growth and CO2 bio-mitigation in a 

constant supply of nitrite and sulphate. The levels of nitrite and sulphate were continuously 

checked and maintained at 95% to 100% of the original content in the medium by periodically 

adding small amounts from their respective stock solutions. 
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3.2.6 Analytical measurement 

3.2.6.1 Growth monitoring and Kinetics 

In the initial phase, cultures of all the strains were harvested by centrifuging at 5000 

rpm for 15 min, the cell pellet oven dried at 80°C for 24 h [272](Basu et al., 2014). For the 

selected two strains, dry cell weight (DCW) was monitored by measuring the optical density 

at wavelength T680 nm (OD680) using UV/Vis spectrophotometer (Evolution 201, Thermo 

Scientific, USA). The linear relationship between the absorbance at OD680 and DCW (g L-1) of 

two selected strains, Scenedesmus acutus and Micractinium pusillum were determined in 

normal and modified BG-11 media (Eqs.1 to 4). 

Y(𝑀𝑖𝑐𝑟𝑎𝑐𝑡𝑖𝑛𝑖𝑢𝑚 𝑝𝑢𝑠𝑖𝑙𝑙𝑢𝑚 ) = 0.1995x + 0.0192 (𝑅ଶ = 0.9935)   (BG-11 media) (3.1) 

𝑌(𝑀𝑖𝑐𝑟𝑎𝑐𝑡𝑖𝑛𝑖𝑢𝑚 𝑝𝑢𝑠𝑖𝑙𝑙𝑢𝑚 ) = 0.3241x − 0.1349  (𝑅ଶ = 0.9898)  (FGS media) (3.2) 

Y( 𝑆𝑐𝑒𝑛𝑒𝑑𝑒𝑠𝑚𝑢𝑠 𝑎𝑐𝑢𝑡𝑢𝑠)     = 0.4280x − 0.0352 (𝑅ଶ  = 0.9907)   (BG-11 media) (3.3) 

Y( 𝑆𝑐𝑒𝑛𝑒𝑑𝑒𝑠𝑚𝑢𝑠 𝑎𝑐𝑢𝑡𝑢𝑠)     = 0.3885x − 0.0168 (𝑅ଶ = 0.9889)     (FGS media) (3.4) 

The specific growth rate (μ, day-1) and Productivity (Pmax, g L-1) was calculated using 

the equations (Eq. 5 and 6), 

𝜇 =
𝑙𝑛 𝑋௙ − 𝑙𝑛 𝑋௜

𝑡௙ − 𝑡௜
 

(3.5) 

𝑃௠௔௫ =
𝑋௙ − 𝑋௜

𝑡௙ − 𝑡௜
 

(3.6) 

where, Xf and Xi (mg L-1) represent the finial and initial cell concentration at time of 

harvesting tf and initial day of inoculation ti. 

 

3.2.6.2 Nitrite and sulphate estimation 

The concentrations of nitrite and sulphate was determined using the standard method 

of wastewater analysis as outlined in the protocol procedures established by the American 

Water Works Association [273] . A 6 ml aliquot of the clear supernatant was collected 

following centrifugation of the harvested sample at 5000 rpm for 15 min. The method used for 

nitrite estimation requires the use of 1 ml of collected sample for nitrite and 5 ml for sulphate 
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estimate in order to maintain a steady magnetic stirring action in the beaker. The color reagent 

was formulated by dissolving 10 g of sulphanilamide and 1 g of N-(1-naphthyl)-

ethylenediamine dihydrochloride in 100 ml of ortho-phosphoric acid. The resulting solution 

was then diluted with deionized water to a final volume of 1 L. Forty microliters of the color 

reagent that had been created were combined with a 1 ml sample of the supernatant. The 

combination was then incubated at room temperature for a duration between 10 min, while 

being shielded from light to avoid the deterioration of the reagent due to exposure to light. 

After the sample was incubated, the spectrophotometer was used to determine the optical 

density (OD) of the sample at a wavelength of 543 nm. 

To estimate the amount of sulphate, a 5 mL portion of the water sample (after filtration) 

was put into an Erlenmeyer flask. 2 mL of a buffer solution was added. The buffer solution 

was prepared by dissolving 30 g of magnesium chloride hexahydrate (MgCl2·6H2O), 5 g of 

sodium acetate trihydrate (CH3COONa·3H2O), 1.0 g of potassium nitrate (KNO3), and 20 mL 

of acetic acid (CH3COOH, 99%) in 500 mL of distilled water. The volume was then adjusted 

to 1000 mL. The solution was agitated using a magnetic stirrer, and while maintaining 

continuous agitation, 0.15 g of barium chloride was added to the flask. The stirring process was 

maintained for a duration of one hour in order to guarantee the achievement of a thorough 

reaction and a consistent distribution of the BaSO4 precipitate. Afterwards, the 

spectrophotometer was used to measure the absorbance of the sample at a wavelength of 420 

nm. For standard analysis, sodium salt of nitrite and sulphate were used. For chemical analysis, 

whenever required sample were appropriately diluted to measurable range of standard 

concentration. The concentration was measured in mg mL-1. 

 

3.2.6.3 CO2 utilization and Nutrient removal 

CO2 fixation rate (mgL-1day-1) was determined by the method [274] 

C୊ =
(AFD୤  × C୤ − AFD୧  ×  C୧) × 𝑀஼ைଶ 

𝑡 × Mୡ 
 

                                                                  

(3.7)                                                                     

AFDf and AFDi represent the ash free biomass concentration (mg) at the time of 

harvesting and inoculation. Ash-free DCW was calculated by subtracting the ash weight from 

the DCW of biomass, ash weight measured by burning harvested dried biomass in a muffle 

furnace at 560 °C for 8 h [275]. Ci and Cf   are the mass of Carbon in initial and final ash-free 
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dry biomass. Carbon content in dry biomass was determined by CHNS analyzer (Perkin-Elmer 

elemental analyzer) and MCO2 (g mol−1) and MC (g mol−1) are the molecular mass of CO2 and 

Carbon and t represents the total time of cultivation (days). 

CO2 Utilization efficiency (% ) was determined by the method [274], 

C୙ =
COଶ fixation rate 

COଶ input rate 
𝑋 100  

(3.8) 

 

CO2 fixation rate (mg L-1day-1) CF was determined by Eq. 8 and CO2 input rate (mg L-

1 day-1) was CO2 supplied per day (mg day-1) in unit volume (L) of media. 

Nitrite and Sulphate removal efficiency (R.E, %) and removal rate (R.R, mgL-1day-1) are 

calculated as, 

𝑅. 𝐸 =
𝑆௜ − 𝑆௙

𝑆௜
× 100 

(3.9) 

𝑅. 𝑅 =
𝑆௜ − 𝑆௙

𝑡௜ − 𝑡௙
 

(3.10) 

where Si and Sf represent the initial and final concentration of nutrient ions at the time 

of inoculation ti and the time of harvesting tf. For sulphate ion, the initial time and concentration 

depend on the conversion of sulphite and bisulphite ions into sulphate. 

 

3.2.6.4 Estimation of photosynthetic pigment and efficiency 

The pigments were quantified by the spectrophotometric method taking the OD at 470 

nm, 663 nm, 646 nm, and 750 nm for extract pigments by using HPLC grade 100% methanol. 

To extract pigments from the cells, pellet was kept in dark condition for 12 h at 4 °C and was 

quantified by the equations described below [276]. The pigments were measured  (µg mL-1) at 

OD680 to quantify the change in pigment level, neglecting the cell density achieved in different 

experiments [277] 

Chl.ୟ = (1.672 × OD଺଺ହ.ଶ − 9.16 × OD଺ହଶ.ସ)/OD଺଼଴ (3.11) 
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Chl.ୠ = (34.09 × OD଺ହଶ.ସ − 15.28 × OD଺଺ହ.ଶ)/OD଺଼଴ (3.12) 

Chl.ୟାୠ = (1.44 × OD଺଺ହ.ଶ + 24.93 × OD଺ହଶ.ସ)/OD଺଼଴ (3.13) 

Car. = [(1000 × ODସ଻଴ − 1.63 × Chl.ୟ− 104.96 × Chl.ୠ )]/OD଺଼଴ (3.14) 

For photosynthetic performance analysis, the maximum photochemical efficiency of 

Photosystem II (Fv/Fm) was determined using pulse amplitude-modulated fluorometer (PAM; 

JUNIOR-PAM, Walz, Effeltrich, Germany). For this 1 mL cell was kept in dark for 15 min at 

room temperature (25±4). The ratio Fv/Fm was measured as described by Schreiber et al. 

(1986) where Fv denotes the difference between maximal fluorescence (Fm) from saturating 

light intensity and minimum fluorescence (Fo) of dark adopted cell. 

 

3.2.6.5 Estimation of protein, carbohydrate and intracellular neutral lipid 

The total carbohydrate was determined by phenol sulphuric acid method with glucose 

as the standard [279]. For protein estimation, first the cell pellet was hydrolysed in alkaline 

solution (0.2 N NaOH)  at 100 °C for 15 min and then the pH was neutralized to 7.5 and the 

hydrolyzing pellet was thus used for protein estimation by Lowry method by using Bovine 

Serum Albumin (BSA) as the standard [280]. 

For intracellular neutral lipid estimation, Nile Red-based fluorescence intensity with 

excitation of 480 nm and emission in range 550 nm-650 nm was performed in a 

spectrophotometer (Fluoromax 3, Horiba, USA) with Triolein as standard as described in our 

previous study with some modification [281]. For Nile red analysis, initially the cell 

concentration of absorbance at OD680 0.9 was harvested and resuspended in 1 mL of pure 

DMSO solution and the resuspended pellet was spun down for 5 min in a vortex. Nile red dye 

10 μL (4 μg mL-1 in 100% acetone) added to the suspended pellet and incubated at 50 °C in a 

water bath for 1 min. The auto-fluorescence of algal cells and the intrinsic fluorescence of Nile 

red were subtracted from the fluorescence of Nile red neutral lipid complex obtained at 580 

nm. 

 

3.3 Results and discussion 
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3.3.1 Microalgal Strain Selection 

Microscopic analysis of cell density of cultures showed that six of the microalgal strains 

were able to grow in FGS media with sodium bicarbonate as the sole carbon source (Table 3.2). 

For the subsequent steps, microalgal strains showing substantial growth were considered for 

acclimation. Out of thirteen strains, only six strains including Scenedesmus abundan 

NCIM2897, Scenedesmus acutus NCIM5584, Desmodesmus abundans KMC3, Chlorella 

sorokiniana KMC5, Acutodesmus deserticola KMC6, and Micractinium pusillum KMC8 were 

selected for further evaluation of their growth and photosynthetic performance. Both 

Scenedesmus strains NCIM2897 and NCIM5584 showed a reduction of 16.13 and 23.22 mg L-

1 day-1 biomass productivity, about ~ 20-25 % reduction in biomass growth in comparison with 

control, the other two strains NCIM5583 and KMC8 showed a reduction of 40.64 and 56.39 

mg L-1 day-1 with ~ 40%-55 % reduction in biomass growth. Both KMC 5 and 6 strains showed 

the lowest productivity in treatment media (Figure. 3.3a). 

In the second phase of screening experiments (Figure. 3.4), all six strains demonstrated 

strong adaptation to a 15% CO2 environment. The observed biomass productivity ranged from 

71.8 to 88.4 mg L-1 day-1, with all strains exhibiting a desirable photosynthetic quantum yield 

value of 0.5 to 0.7 strains [282] (Figure. 3.4a). During the control experiment at the end of the 

batch, KMC6 exhibited the highest biomass productivity of 88.47 mg L-1 day-1. KMC3, KMC8, 

and NCIM5584 had similar productivity levels ranging from 83 to 85 mg L-1 day-1. The 

remaining two strains, NCIM5583 and KMC5, had lower productivity levels of 74.5 mg L-1 

day-1 and 71 mg L-1 day-1, respectively. When exposed to flue gas compounds, specifically 

treatment medium, the KMC8 strain exhibited the highest biomass production, reaching a value 

of 52.5 mg L-1 day-1. However, when treated with flue gas compounds, there was a drop of 

38% in biomass productivity. The Scenedesmus strains, NCIM5584 and NCIM5583, exhibited 

comparable biomass production, with values of 48.4 and 46.5 mg L-1 day-1, respectively. This 

represents a drop of 41.7% and 37.2% compared to their respective control. The strains KMC6, 

KMC3, and KMC5 exhibited impaired performance on FGS medium, leading to a decrease in 

biomass productivity of almost 50%, with values of 36.5, 32.2, and 27.8 mg L-1 day-1, 

respectively. The strains NCIM5584 and KMC8 were able to maintain a desirable Fv/Fm value 

of 0.58 and 0.55 in the treatment media (Figure. 3.4b). However, there was a slight decrease in 

value compared to the control, indicating that both strains were actively photosynthesizing and 

able to tolerate elevated CO2 levels and toxic flue gas compounds. In the remaining four strains 

(NCIM2738, KMC3, KMC5, and KMC6), a significant decrease in Fv/Fm values was 
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observed, with a reduction of 1.5 to 2 times compared to their respective controls. Additionally, 

strains with values below 0.5 indicated a disruption in photosynthesis when exposed to flue gas 

compounds. 

Among the 13 strains, two strains, respectively KMC8 and NCIM5584, were chosen 

for further investigation because to their superior growth performance and photosynthetic 

efficiency under different culture conditions. Photosystem II in strains KMC8 and NCIM5584 

exhibited a desired value, indicating that both strains are capable of using flue gas components 

as a nutritional source without encountering stress. Furthermore, their biomass production 

remained unaffected. The screening process of bicarbonate and CO2 as carbon sources in flue 

gas media, as depicted in Figure 3.3d and 3.4d, demonstrates that the accumulation of 

carotenoids and minimal degradation of chlorophyll pigment, as shown in Figure 3.3c and 3.4c, 

compared to the other four strains, suggests that the cells are developing a protective 

mechanism against oxidative stress induced by harmful components present in flue gas [283]. 

The findings indicated that the two strains, KMC8 and NCIM5584, exhibited increased 

tolerance to flue gas toxic compounds after acclimatisation. 

 

Table 3.2 Quantitative evaluation under a light microscope, using a Neubauer haemocytometer 
of microalgae growth in FGM + NaHCO3. Cells mL-1 were calculated as the difference between 
final concentration (cells mL-1) and initial concentration (cells mL-1) 

 

Microalgae (Cell mL-1) 

Acutodesmus deserticolal (KMC6) 1.19E+08 
Scendesmus acutus (NCIM5584) 1.76E+08 
Scedesmus abundans (NCIM2897) 1.43E+08 
Desmodesmus armatus (NCIM 5583) - 
Desmodesmus abundans (KMC 3) 1.25E+08 
Chlorella sorokiniana (KMC 5) 1.21E+08 
Chlorella thermophilaa (MF179624) - 
Chlorella pyrenoidosa (NCIM2738) 1.64 E+07 
Chlorella FC-2 - 
Monoraphidium convolutum (KMC2) - 
Monoraphidium sp. (KMC4) - 
Monoraphidium contortum (KMC7) 9.5E+07 
Micractinium pusillum (KMC8) 1.28E+08 
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Fig. 3.3. Growth and photosynthetic performance of five microalgae comparison with control 
(BG-11 media) and Treatment (FGM + NAHCO3) on the basis of (a) Biomass productivity (b) 
Photosynthetic efficiency (Fv/Fm) (c) Total Chlorophyll (a+b) and (d) Total Carotenoids 
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Fig. 3.4. Growth and photosynthetic performance of five microalgae comparison with control 
(BG-11 media) and Treatment (FGM + 15 % CO2) on the basis of (a) Biomass productivity (b) 
Photosynthetic efficiency (Fv/Fm) (c) Total Chlorophyll (a+b) and (d) Total Carotenoids 
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3.3.2 Tolerance and acclimation of strains to flue gas compound 

The strains NCIM5584 and KMC8 exhibited a low tolerance for particular flue gas 

chemicals. Specifically, dissolved SOx compounds, such as sulphite and bisulphite, 

significantly hindered the development dynamics of the cells, leading to a prolonged adaptive 

phase. The development of both strains was hardly affected by nitrite, suggesting their capacity 

to use nitrite as a nitrogen source. NCIM 5584 exhibited greater suppression of particular flue 

gas components compared to KMC8, as seen in Figure 3.5a and 3.5b. 

No inhibition of biomass growth was seen in strains acclimated to sulphite and 

bisulphite at concentrations of 10 mg L-1 and 20 mg L-1, respectively. Increasing the 

concentration of gradient phase adaptation from 30 mg L-1 to 100 mg L-1 resulted in an 

approximately 1.5 times increase in cell density for KMC8 (from 0.45 to 1.12 g L-1) and an 

approximately 1.65 times increase for NCIM5584 (from 0.36 to 0.97 g L-1). The specific 

growth rate in FGS media was 0.214 day-1 for KMC8 and 0.2 day-1 for NCIM5584 (Table 3.3). 

A marginal reduction (9% and 13% respectively) in biomass growth was reported with KMC8 

and NCIM5584 in comparison to the prior control experiment (BG-11-C + 15% CO2). The 

acclimation of both strains to sulphite and bisulphite showed a high correlation with their 

enhancement in maximal photosynthetic quantum yield (Fv/Fm). The Fv/Fm yield, which 

initially measured 0.56 in wild KMC8, was enhanced by a factor of 1.13 in acclimated KMC8, 

resulting in a yield of 0.63. Nevertheless, the Fv/Fm yield for NCIM5584 exhibited a modest 

rise from 0.51 to 0.53, as seen in Table 3.3. The Fv/Fm ratio serves as a diagnostic parameter 

for assessing photosynthetic performance and indicating environmental stress. The Fv/Fm ratio 

exhibited a substantial drop in response to environmental stressors, including nutrition 

availability, light intensity, pH levels, and temperature fluctuations [284].. The maximal 

quantum efficiency Fv/Fm varied between 0.5 and 0.8, suggesting that the algal cells were in 

a metabolically active condition with effective water splitting and carbon fixation at PSII, 

which enhanced the transit of photosynthetic electrons [282]. Both strains KMC8 and 

NCIM5584 exhibited a decrease in total chlorophyll and carotenoids ratio, with a fold fall of 

1.7 and 1.9 respectively, attributed to an increase in carotenoids accumulation (Table 1). An 

elevation in carotenoids concentration serves as an indicator of cellular photosynthetic stress, 

however it may also occur as a result of the cell's tolerance mechanism to unfavourable 

circumstances.  The research proposed that carotenoids were not a signal of photosynthetic 

stress, but rather were created as part of the cells' tolerance mechanism during acclimation to 

sulphur compounds [285]. 
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The acclimated strains KMC8 and NCIM5584 exhibited enhanced growth performance 

(Figure. 3.5c). The significant increase in photosynthetic quantum yield in KMC8 indicates 

that the cells were very active, similar to the cells in the Control BG-11 medium. Furthermore, 

there was no negative impact seen on the photosynthetic performance of the cells due to the 

presence of harmful flue gas compounds. 
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Fig. 3.5. Growth curve of (a) Scendesmus acutus NCIM5584  (b) Micractinium  pusillum 
KMC8 in the presence of BG-11 media , Nitrite and Sulphite/bisulphite (1:1) with 15% CO2 
as carbon source (c) Growth curve of wild and acclimated strains of Scedesmus acutus 
NCIM5584 and Micractinum pusillum KMC8 in Flue gas salt media with 15% CO2 as carbon 
source 

 

3.3.3 Removal of flue gas compounds and CO2 utilization efficiency by acclimated 

strains 

The employing of gradient phase adaptation greatly improved the efficiency of 

removing sulphate (produced by sulphite and bisulphite) in the acclimated state, compared to 

the control condition. Additionally, the cells demonstrated higher nitrite consumption. 

Following the process of acclimation, KMC8 shown the capability to eliminate 96.65% of 

nitrite and 94.1% of sulphate. Compared to the wild strain, the removal efficiency of nitrite and 

sulphate improved by 1.15 and 1.12 times, respectively. However, the acclimated NCIM5584 

strain was able to remove 88.84% of nitrite and 90% of sulphate with almost 1.5 times faster 

efficiency (Table 3.3). 

As the cells adapted to nitrite and sulphate, both strains, KMC8 and NCIM 5584, saw 

a notable increase in their rate of CO2 fixation and their efficiency in using CO2. The CO2 

fixation rate and CO2 utilisation efficiency were increased by more than 2.5 times (2.5~2.9). 

The CO2 utilisation efficiency increased from 0.37% to 0.86% in KMC8 and from 0.25% to 

(c) 
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0.73% in NCIM5584. However, in terms of the level of adaptation, NCIM5584 demonstrated 

superior performance overall, whereas the rate of removal of nitrite and bisulphite, as well as 

the rate of CO2 fixation and utilisation, were generally greater in the KMC8 strain (Table 3.3). 

 

3.3.4 Comparison of biochemical composition in acclimated strains 

The intracellular composition of microalgae and its alterations during stress or 

acclimatisation vary depending on the species[286]. Table 3.3 displays the alterations in 

biochemical changes seen in the wild and acclimated cells of KMC8 and NCIM584 when 

exposed to flue gas salt medium. A decrease in the concentration of protein and carbohydrate 

was found in both acclimated strains. The protein level in KMC8 declined from 24.5% to 

22.8% of dry cell weight (DCW), whereas in NCIM5584 it decreased from 21.12% to 17.67%. 

In KMC8, the carbohydrate content decreased from 37.23% to 35.67% of the dry cell weight 

(DCW). In NCIM5584, the carbohydrate content decreased from 41.12% to 39.89% of the 

DCW. The adapted strain KMC8 had a higher capacity for accumulating neutral lipid, with 

36.7% of the dry cell weight (DCW) compared to 29.4% in NCIM5584. Both strains 

demonstrated an increase in neutral lipid content, with KMC8 showing almost 16% and 

NCIM5584 showing less than 11% compared to the wild strains. The potential cause for the 

rise in lipid accumulation and decrease in intracellular protein and carbohydrate levels may be 

attributed to the cell's response to stress, wherein it begins to accumulate energy-rich 

molecules, specifically triacylglycerol (TAGs), by upregulating the metabolic pathway towards 

TAGs and utilising carbohydrate and protein intermediates as metabolites [283,287]. 

Carotenoids and lipid molecules provide protection to cells against various biotic and 

abiotic stresses. They play a crucial part in the cell's defence system and facilitate adaptation 

to harsh conditions [285,288]. Based on this, it can be inferred that both the KMC8 and 

NCIM5584 strains underwent acclimatisation driven by the collaboration of lipids and 

carotenoids in response to hazardous flue gas compounds. Carotenoids in microalgae serve 

dual purposes as pigments and antioxidants. They enhance the uptake of light and provide 

protection against reactive oxygen species (ROS) that are generated during oxidative stress 

induced by excessive light or nutrient imbalances. Lipids, specifically triacylglycerols (TAGs), 

play a vital role in both the structure of membranes and the storage of energy. During periods 

of stress, microalgae store triglycerides (TAGs) in order to preserve the structure and stability 

of their cells, demonstrating their ability to adapt and withstand challenging conditions.  

TH-3503_176151004



Chapter 3 

 

76 

Table 3.3 Maximum biomass concentration (Xmax), maximum biomass productivity (Pmax), 
specific growth rate (μ), photosystem II quantum yield (Fv/Fm), ratio of total chlorophyll (a+b) 
and carotenoids (Chl./Carot.); biochemical composition changes; elemental carbon, hydrogen, 
nitrogen, sulphur and oxygen; Nitrite and sulphate removal efficiency, CO2 fixation rate and 
utilization efficiency after 20 days of inoculation in comparison to wild cell and acclimated 
cell (A.C) in flask experiment. 

Parameter Variable measured M.pusillum  S.acutus 
  Wild Acclimated Wild Acclimated 
 
 

Growth & 
Photosynthesis 

Xmax (g L-1) 0.45 ± 0.03a 1.12 ± 0.024b 0.36 ± 
0.017a 

0.97 ± 0.024c 

Pmax (mg L-1 

day-1) 
23.72 ± 1.85a 59.1 ± 1.30b 19.23 ± 

1.30c 
51.13 ± 0.90d 

µ (day-1) 0.20 ± 0.004a 0.25 ± 0.001b 0.18 ± 
0.002a 

0.23 ± 0.001b 

Fv/Fm 0.56 ± 0.042a 0.63 ± 0.078b 0.51 ± 
0.035c 

0.53 ± 0.02ac 

Chl./Carot. 4.28 ± 0.986a 2.45 ± 0.472b 4.34 ± 
0.326a 

2.27 ± 0.275b 

      
 

Biochemical 
composition 

Lipid (%w/w) 31.6 ± 0.37a 36.7 ± 0.56b 26.4 ± 0.45c 29.43 ± 0.41d 
Protein (%w/w) 24.45 ± 1.76a 22.8 ± 0.34a 21.17 ± 

1.56a 
17.6 ± 1.32b 

Carb. (%w/w) 37.23 ± 0.7ac 35.67 ± 1.42a 41.12 ± 
1.26b 

39.89 ± 0.8bc 

Ash (%w/w) 1.56 ± 1.7a 3.32 ±1.24b 2.56 ±1.53c 3.45 ±1.62b 
      
 

Elemental 
composition 

C (%w/w) 47.86 50.43 46.51 49.21 
H (%w/w) 7.01 7.24 5.74 6.64 
N (%w/w) 5.87 7.1 5.41 6.23 
S (%w/w) 0.23 0.47 0.13 0.52 
O(%w/w) 39.03 34.76 42.21 37.4 

      
 

Nutrient 
removal & 

CO2 fixation 
& utilization 

NO2
- R.E (%) 82.38 ± 2.54a 94.10 ± 1.87b 76.03 ± 

2.98c 
88.84 ± 2.21d 

SO4
2- RE (%) 79.19 ± 1.98a 96.65 ± 2.07b 77.54 ± 

2.31a 
89.94 ± 2.16c 

CO2 fixation 
rate 

(mg L-1 day-1) 

47.98 110.38 
 

32.77 92.64 

CO2 utilization 
efficiency (%) 

0.37 0.86 0.25 0.73 

Note: All the experiments were conducted in triplicate and the data were expressed as mean ± 
standard dev. Values with the same letter in the same row showed insignificant differences 
analysed using one-way analysis of variance based on Tukey's method. 
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3.3.5 Growth, CO2 utilization and lipid productivity in photobioreactor experiment and 

scale up 

The cells of both strains were cultured in two separate 2 L bubble column 

photobioreactors (PBR) to assess their performance. We monitored the changes in biomass 

growth, pH, and nutrient consumption throughout time (Figure. 3.6a & b). Both strains 

exhibited little variation in growth when cultivated in a photobioreactor (PBR) and were 

capable of maintaining consistent performance comparable to that seen in the flask experiment. 

The performance of the system is summarised in detail in terms of biomass production, nutrient 

removal, CO2 utilisation, and neutral lipid production (refer to table 3.4). Both strains exhibited 

a significant decrease in pH, ranging from 4.5 to 4.8, in the culture medium on the first day. 

This reduction in pH was caused by the build-up of sulphate ions resulting from the oxidation 

of sulphite and bisulphite ions. The conversion rate of SO3
2- and HSO3

2- ranges from 97% to 

98%, resulting in the production of 1.16 to 1.19 mmol L-1 of SO4
2- on the second day. This 

concentration gradually reduced as the algae population increased [289,290].  The pH increased 

as the acclimated strains showed higher rates of NO2- and SO4
2- utilisation compared to the 

wild strain, resulting in increased growth. Based on this outcome, it may be inferred that the 

toxicity of SOx was caused by a rapid decrease in pH resulting from the oxidation of 

intermediate molecules, such as SO3
2- and HSO3

2-, producing SO4
2-. To address this toxicity, it 

is possible to use microalgae that have a high capacity to utilise sulphate and choose species 

that can tolerate a wide range of pH levels, particularly acidic pH. This toxicity is caused by 

the oxidation of compounds in flue gas. Both strains exhibited varying changes in neutral lipid 

content throughout their scale-up in PBR. Additionally, a simultaneous drop in neutral lipid 

content was also detected. The slight decrease in nutrient removal efficiency and the 

improvement in both CO2 utilisation efficiency and CO2 fixation rate may be attributed to the 

longer duration that the CO2 mixture remains in contact with the medium in the PBR, compared 

to the flask tests. 
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Fig. 3.6. (a) Growth profile of (a) Micractinum pusillum KMC8 and (b) Scedesmus acutus 
NCIM5584 in 2 L bubble column PBR with change in pH, nitrite and sulphate removal in FGM 
with 15 % CO2 as carbon source 

 . 
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3.3.6 Evaluation of stability in growth performance, lipid productivity and CO2 

utilization under semi-continuous mode 

Based on its greater tolerance and adaptability to dissolved flue gas components (NOx 

and SOx), ability to use CO2, and capacity for neutral lipid accumulation, KMC8 was shown 

to be more efficient than NCIM5584. The strain KMC8 was evaluated under semi-continuous 

conditions and exhibited constant increase of biomass, as seen in Figure 3.7a. The biomass 

concentration ranged from 2.19 to 3.75 g L-1, with an average of 2.68 g L-1. The biomass 

productivity varied between 0.19 and 0.24 g L-1 day-1, with an average of 0.22 g L-1 day-1. In 

addition, the precise growth rate varied between 0.11 and 0.17 day-1. During the preceding 20-

day period, the cells had a biomass concentration of 3.25 and a specific growth rate of 0.106 

day-1. Figure 3.7b illustrates that the rate of CO2 fixation and the efficiency of CO2 utilization 

remained constant over the first four cycles of semi-continuous mode culture. The rate varied 

between 313 and 363 mg L-1 day-1, whereas the efficiency varied between 7.66% and 8.57%. 

The average rate was 346.43 g L-1 day-1 and the efficiency was 8.17 percent. During the fifth 

cycle, the rates of CO2 fixation and CO2 utilization efficiency reached their minimum levels. 

This may be attributed to the prolonged period of the culture, which lasted for 20 days. As a 

consequence, the values obtained were 277.28 mg L-1 day-1 and 6.54% respectively. The 

performance linked to nutrient utilization and elemental content is shown in Table 3.4, 

demonstrating an improvement in the parameter. The neutral lipid content varied between 18% 

and 20%, with a productivity ranging from 40.95 to 50.6 mg L-1 day-1. A decrease in lipid 

content was seen when comparing the findings of previous studies done in both flask and 

photobioreactor (PBR) in batch mode. The decrease in lipid content was most likely a result of 

the ongoing administration of nitrite, which prompted a shift in cell metabolism towards the 

synthesis of proteins instead of the formation of neutral lipids. This shift in metabolism is 

commonly seen under situations of nitrogen deficiency and famine [277]. 
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Fig. 3.1. (a) Growth profile of Micractinum pusillum KMC8 in 2 L bubble column PBR in 
semi-continuous mode of 4 cycle with 11 days each and last 5 cycle in batch mode of 20 days 
(b) CO2 fixation rate and CO2 utilization efficiency at the end of each cycle. 
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Table 3.4. Summary of growth parameter (Xmax, µ, Pmax), photosynthetic efficiency (Fv/Fm) , 
nutrient removal  (nitrite, sulphate), CO2 fixation efficiency  and utilization rate, lipid 
production,  and elemental analysis in 20 days of inoculation in comparison to wild (W.C) and 
acclimated  cell (A.C) in Photobioreactor 

Parameter M. pusillum  S. acutus 

Wild Acclimated Wild Acclimated 

Xmax (g L-1) 0.58 1.32 0.49 1.15 

µ (day-1) 0.21 0.25 0.20 0.24 

Pmax (mg L-1 day-1) 30.52 69.47 25.74 58.94 

Fv/Fm 0.57 0.68 0.52 0.58 

NO2
- R.E (%) 84.21 96.45 79.32 72.12 

SO4
2- R.E (%) 78.34 90.76 75.43 87.34 

CF (mg L-1 day-1) 55.34 136.79 44.51 110.8 

CU (%) 1.35 3.07 1.14 2.67 

Neutral Lipid (% wt/wt DCW) 27.32 32.14 22.52 24.78 

Neutral Lipid productivity (mg L-1 day-1) 8.34 22.33 5.81 14.61 

C (% wt/wt) 49.46 53.56 47.17 51.34 

H (% wt/wt) 6.45 7.87 6.89 7.89 

N (% wt/wt) 4.43 3.65 5.65 3.23 

S (% wt/wt) 0.21 0.53 - 0.58 

O (% wt/wt) 39.24 35.4 40.3 36.96 

 

3.4 Conclusion 

Out of the 13 microalgal strains that were examined, two strains, Micractinium pusillum 

KMC8 and Scenedesmus acutus NCIM5584, were identified as being appropriate for using 

CO2 bio-mitigation to reduce emissions from flue gas. The gradual adaptation of cells from 

these two strains to dissolved sulphur compounds greatly enhanced cell proliferation, nutrient 

clearance, and CO2 utilization efficiency. Out of these two strains, KMC8 exhibited superiority 

over NCIM5584 in terms of CO2 utilization, efficiency in removing flue gas compounds, and 

buildup of neutral lipids. The successful adjustment and enhanced productivity of KMC8, 

while maintaining stability in CO2 utilization and biomass quality, demonstrate the viability of 

using microalgae for large-scale commercial purposes. 

In order to demonstrate the strength of microalgal strains in large-scale commercial 

applications, it is essential to assess their ability to adapt to different light and temperature 
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conditions and how this impacts photosynthesis and   their capacity to fix CO2 and generate 

biomass. Understanding the precise effects of these environmental parameters on the 

performance of microalgae in the local climatic conditions is crucial. Therefore, it is necessary 

to conduct more bench-scale tests to confirm the reliability of microalgae strains that can 

consistently achieve high productivity, efficiently capture CO2, and remain stable under 

particular local weather circumstances. By identifying the optimal light and temperature 

conditions for adapted strains, we may enhance their adaptability for certain local geographical 

locations. This will guarantee the robustness and feasibility of microalgal strains for 

microalgal-based biotechnological applications, making them efficient for both CO2 

accumulation and bioenergy generation. 
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Chapter 4 
 

Acclimation capacity of microalgal strains 
in different light and temperature condition 

and its impact on CO2 fixation and 
biochemical production 

 

 

4.1 Background and motivation 

Chapter 3 of this thesis investigates the adaptive mechanisms of Micractinium pusillum 

KMC8 in response to changes in light and temperature during semi-continuous culture. The 

objective is to reveal its capacity for photosynthesis, CO2 fixation, and adaptation in different 

environmental situations. For commercial scale-up in outdoor local climatic conditions, it is 

crucial to evaluate growth parameters, ensure stability in CO2 fixation rates, and monitor 

metabolite changes to maintain stability in biomass quality and quantity for bioenergy 

production. The semi-continuous culture method offers a complete framework for 

comprehending and enhancing the development and stability of microalgae under different 

environmental situations. Acquiring this information is essential for expanding the use of 

microalgae to capture CO2 and produce bioenergy in outdoor environments, while guaranteeing 

a constant level of biomass in terms of both quality and quantity. 

The study examined the impact of temperature and light conditions on the appropriateness 

of M. pusillum for CO2 bio-mitigation and bioenergy production. It simulated severe summer 

and winter temperatures over a 24-hour period, considering fluctuations between day and night. 

The experiment involved growing cells in a semi-continuous way at three fixed temperatures 

(15 °C, 25 °C, and 35 °C) and light intensities (50, 350, and 650 µmol m-2 s-1). Additionally, 

two different variations in temperature were used: one with temperatures alternating between 

35 °C and 25 °C, and another with temperatures alternating between 21 °C and 12 °C. Both 

temperature patterns followed a 16-hour light and 8-hour dark cycle. The experiment was 

conducted under two light intensity conditions: moderate light intensity of 150 µmol m-2 s-1 

and high light intensity of 750 µmol m-2 s-1. 
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The study conducted a detailed analysis of growth productivity, changes in metabolites, 

compositions of fatty acids, carbon fixation, and bioenergy content. M. pusillum had a peak 

specific growth rate of 0.26 day-1 at 25 °C, with no notable disparity at 35 °C at light intensities 

of 350 and 650 µmol m-2 s-1. However, it exhibited a lower average growth rate of 0.17 day-1 

at both 15 °C and 50 µmol m-2 s-1. The growth rate was enhanced in both temperature regimes 

(35/25 °C and 21/12 °C) because to the high light intensity. The CO2 utilization efficiency 

ranges from 0.32% to 2.03%, while the lipid content ranges between 23% and 34%. These 

lipids are rich in C-18 and C-16 fatty acids, making them excellent for biodiesel production. 

Despite the presence of high temperature and light intensity, there was no decrease in the 

photosystem II quantum yield Fv/Fm), indicating that the cells were able to effectively adapt 

to the increased photon and thermal conditions. This adaptation was achieved through changes 

in pigments, intracellular macromolecules, and fatty acid profiles, which helped protect the 

cells from damage caused by excessive light and heat. 

There is a clear correlation between temperature increases and the processes of carbon and 

nitrogen fixation, as well as CO2 fixation. Furthermore, there was a direct correlation between 

temperature rises and a significant carbon build-up of over 50% in biomass. Nevertheless, no 

substantial link was seen between light intensity and these characteristics. Increased light 

intensity had a positive impact on experiments conducted in both low and high-temperature 

environments. This led to improved utilization of nutrients and CO2, as well as increased 

accumulation of biomass carbon in storage molecules such as lipids and carbohydrates. 

Therefore, there was a significant increase in bioenergy accumulation in the biomass. 

This research explores the ability of M. pusillum to adjust to changes in its environment, 

with a focus on its potential for effectively capturing CO2, generating bioenergy, and 

maintaining constant biomass quality for biodiesel production under different cultivation 

settings. This study demonstrates the capability to sustain carbon fixation and acclimation 

ability in long-term cultivation systems, while simultaneously enhancing the quality of biomass 

throughout the acclimatization process, without any negative impact on carbon capture and 

biomass yield. 
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4.2 Materials and methods 

4.2.1 Microalgal strain and culture conditions 

The strain of the microalgae M. pussillum (KMC8) maintained on complete BG-11 

medium as described in section 3.2.1. The initial inoculum was prepared for the experiment in 

a 1 L Erlenmeyer flask with a 500 mL culture volume in a photo incubator shaker at 25 °C, 

under 100 µmol m-2 s-1 light intensity with a 24:0 (light/dark) cycle at 150 rpm. The inoculum 

culture was cultivated for one week to achieve a biomass concentration of 0.78 g DCW L-1, 

which was quantified by measuring the optical density at 680 nm using a UV-2450 

spectrophotometer (1 OD680 equals 0.22 g DCW L-1). The cells were collected by 

centrifugation, resuspended in 50 mL of freshly prepared autoclave carbon free BG-11 media, 

and used as an inoculum for further experiments. 

 

4.2.2 Experimental setup and procedure 

To evaluate the influence of light intensity and temperature in a semi-continuous mode, 

experiments were conducted in a 2 L custom-made bubble column photobioreactor (PBR), as 

detailed in our previous study as described in section 3.2.2.  For each experiment, 23 mL of 

each seed culture (7.8 g L-1) was centrifuged, the cell pellet was re-suspended in both the reactor 

and the culture volume was adjusted to 1.8 L with an initial cell density of 0.1 g L-1 (0.5 at 680 

nm) for each treatment. 

 

4.2.3 Semi‐continuous cultivation with multi temperature and light intensity conditions 

The research entailed the semi-continuous cultivation of cells over the course of twenty-

four days. Initial cell density was 0.1 g L-1, and the cultivation consisted of three cycles. The 

experiment consisted of three cycles: a 10-day cycle in the late exponential phase, followed by 

two 7-day cycles in the mid-exponential phase. Approximately 50-60% of the initial culture 

volume was replaced with fresh medium based on the cell density. If the cell density did not 

reach 0.3 g L-1, a smaller amount of media was taken out. The goal was to sustain a blend 

concentration of at least 0.1 g L-1 at the outset of each cycle in order to assure a constant initial 

cell concentration across all experiments. Under varying light and temperature conditions, 

semi-continuous cultivation was carried out. The experimental conditions included three 

constant temperatures (15 °C, 25 °C, and 35 °C), a 24-hour light/dark cycle ratio, and 150 µmol 
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m-2 s-1 of light intensity. Three light intensities (50, 350, and 650 µmol m-2 s-1) were 

administered at a light/dark cycle of 24:0 and a temperature of 25 °C. With a diurnal cycle of 

16:8 light/dark and a constant temperature of 38 °C during the light phase and 25 °C during the 

dark phase, one condition simulated extreme summer temperatures. Experiments were 

conducted in two phases: the first phase utilized a light intensity of 150 µmol m-2 s-1 for 24 

days, while the second phase utilized a light intensity of 750 µmol m-2 s-1 for another 24-day 

cycle. Similar to the prior procedure, the experimental protocol for extreme winter conditions 

involved a light/dark cycle temperature of 21/12 °C. 

 

4.2.4 Analytical of growth, photosynthesis performance and cellular component 

The optical density at 680 nm (OD680) was measured using a UV–visible spectrophotometer 

(Cary 50, Varian, Australia) and converted into dry cell weight using a linear equation as 

described in section 3.2.6.1. Biomass concentration was measured daily after 24 h from both 

reactors using a UV–visible spectrophotometer. At the completion of each cycle of semi-

continuous batch, the specific growth rate (day-1), maximum productivity (Pmax, g L-1) were 

estimated using the equations described in section 3.2.6.1 by equation 3.1. 

The pigment was quantified using a spectrophotometric approach that assessed the optical 

density, as outlined in our prior methodology section 3.2.6.4, utilizing four equations specified 

in sections 3.11 to 3.14.  For photosynthetic performance study, the maximal photochemical 

efficiency of Photosystem II (Fv/Fm) culture was evaluated using a pulse amplitude-modulated 

fluorometer as described in section 3.2.6.4. Proteins were measured using Lowry's method 

Carbohydrates were calculated using the phenol sulphuric acid method with glucose as the 

standard. For lipid analysis, the Nile red fluorescence neutral lipid staining method as described 

in previous section methodology section 3.2.6.5. 

 

4.2.5 Determination of CO2 utilization and nutrient fixation 

CO2 utilization efficiency and fixation rate were calculated by the previous equation by 

carbon elemental analysis at the end of semi-continuous cycle by equation 3.7 and 3.8 in 

previous ection 3.2.6.3. For the calculation of CO2 utilization and fixation for each individual 

3 cycle in every treatment by using typical microalgal formula CO0.48H1.83 N0.11P0.01 

considering 51.39% of carbon in the dry biomass [153]. 
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Nitrogen and carbon fixation were estimated using Eq.10, where Ui and Uf represent the 

nitrogen and carbon content at the beginning and end of the III cycle of the semi-continuous 

batch and ti and tf represents the stating and harvesting time of end cycle (III) 

𝑁௙ =
𝐴𝐹𝐷௙ × 𝑈௙ − 𝐴𝐹𝐷௜ × 𝑈௜

𝑡௙ − 𝑡௜
 

(4.1) 

 

 

4.2.6 Estimation of cellar bioenergy and energy content of microalgae 

Using the primary metabolites lipid, protein, and carbohydrate, biomass energy was 

determined by estimating the amount of energy released during the full oxidation of 

macromolecules, i.e. 15.7 kJ g-1 for carbohydrate, 37.6 kJ g-1 for lipid, and 16.7 kJ g-1 for 

protein. (Yang et al., 2022). Thus, the biomass energy or bioenergy (kJ) of microalgae was 

derived from the following equation. 

𝐵𝑖𝑜𝑒𝑛𝑒𝑟𝑔𝑦 = ∆𝑋 (𝑔) × [𝐶𝑎𝑟𝑏𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒 (𝑑𝑐𝑤%) × 16.7 + 𝐿𝑖𝑝𝑖𝑑 (𝑑𝑐𝑤%) × 36.7

+ 𝑃𝑟𝑜𝑡𝑒𝑖𝑛(𝑑𝑐𝑤%) × 16.7] 

(4.2) 

 

Based on their elemental and ash content , the higher heating value (HHV) of biomass 

was calculated using a method developed by Channiwala and Parikh [291]. 

𝐻𝐻𝑉 = 0.3491 × 𝐶 + 1.1783 × 𝐻 + 0.1005 × 𝑆 − 0.1034 × 𝑂 − 0.0151 × 𝑁 −

0.0211 × 𝐴  

(4.3) 

 

4.3 Result and discussion 

4.3.1 Semi-continuous growth and photosynthetic performance under varying light and 

temperature conditions 

4.3.1.1 Growth and photosynthetic performance three different continuous temperature 

experiments 

In three different temperature treatments, as shown in Figure. 4.1A and 4.1D, the fastest 

growth was observed at 25 °C with high chlorophyll and low carotenoids content (23.18 µg 
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mL-1 and 2.1 µg mL-1, respectively). The photosystem quantum yield (Fv/Fm) was 0.72 in the 

semi-continuous batch final III cycle. The growth curve accelerates without a lag phase and 

reaches the exponential phase promptly in all three cycles, with an average biomass 

productivity of 174.36 mg L-1 day-1 and a consistent specific growth rate more than 0.26 day-1 

with no significant difference throughout the cycle. The preponderance of chlorophyte species 

are most productive and have the greatest carbon mitigation potential between 25 °C and 28 

°C; thus, this temperature range was determined to be optimal by our study also [181]. Both 

increase and decrease in temperature by 10 ℃ inhibit growth in the first cycle of semi-

continuous culture, with a one-day lag phase at 35 °C and a four-day adaptation time at 15 °C 

(Figure. 4.1A). In contrast, no lag phase was found in the II and III growth cycles of both the 

15 °C and 35 °C constant temperature treatment studies, but the stagnation exponential phase 

was observed at 15 °C (Figure. 4.1A), which may be a result of poor photosynthesis and 

metabolic activity of the cell [292]. 

As shown in Figure. 4.1A, when exposing KMC8 to high temperature range 35 °C, 

stability in growth and adaptability were observed, as evidenced by a similar growth profile at 

optimal temperature with an average biomass productivity of 162.6 mg L-1 day-1. Also, no 

significant difference in biomass productivity between the II and III cycles was observed. 

Consistent specific growth of more than 0.25 in all three cycles were observed, almost similar 

to at control temperature 25 ℃. Photosystem quantum yield (Fv/Fm) of 0.68 was noted, which 

was slightly lower than the normal temperature range value of 25 °C (Figure. 4.1B). By 

constantly exposing microalgae to extreme temperatures and CO2 condition , a few strains were 

able to undergo physiological changes to counteract the impact of increased temperature by 

increasing the heat stability of the photosystem and lowering the cell size in order to preserve 

the cell's low metabolic activity to enhance it carbon fixation capability [293–295]. Some 

species acquire antioxidants such as carotenoids at high temperatures [296]. In this work, the 

accumulation of carotenoids increased by two-fold, from 2.1 µg mL-1 to 4.04 µg mL-1, whereas 

the amount of chlorophyll got declined by 1.5-fold when the temperature was varied from 25 

℃ to 35 ℃. The average cell density reduced by almost 54% from 25 °C (174.36 mg L-1 day-

1) to 15 °C (79.7 mg L-1 day-1) and the specific growth rate was 0.18-0.20 day-1 with a 

significant decrease compared to that obtained at  25 °C and 35 °C. Chlorophyll and carotenoid 

concentrations also decreased with recoded value of 11.18 µg mL-1 and 1.2 µg mL-1, along with 

a decrease in  Photosystem II quantum yield Fv/Fm from 0.72 (at 25 °C) to 0.51 (at 15 °C) 

(Figure. 4.1D). This was a clear indicator of insufficient carbon fixation and slow electron 
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transport in photosynthesis, both of which retarded cell development and CO2 utilization 

potential [297]. The superior ability to acclimatize to high temperatures and elevated CO2 

levels demonstrated by this strain indicates its enhanced aptitude for CO2 bio-mitigation from 

hot industrial flue gas. 

 

 
 

Fig. 4.1: Semi-continuous growth and photosynthesis of M. pusillum at 15, 25, and 35°C (A) 
dynamic growth profile (B) Growth rate of every cycle (C) productivity of biomass. (D) Fv/Fm 
and photosynthetic pigments (III cycle). Data presented as mean ± SD, n = 2. The identical 
letters imply statistical insignificance (p< 0.05) using one-way ANOVA (Tukey's technique) 

 

4.3.1.2 Growth and photosynthetic performance under three different continuous light 

experiments 

As previously discussed, at 25 ℃ and 150 μmol m−2 s−1, no lag phase was observed, 

but increasing light intensity extended the adoptable phase by 2 days at 350 μmol m−2 s−1 and 

3 days at 650 μmol m−2 s−1. The longest adoptable phase of about 4 days with a shorter 

exponential phase was observed at 50 μmol m−2 s−1 in the first cycle. Furthermore, as shown in 
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Figure. 4.2A, at both 650 and 50 μmol m−2 s−1 light intensity, the lag phase continued in II 

cycle and slightly declined in III cycle at 650 μmol m−2 s−1. At 350 μmol m−2 s−1, cells directly 

progressed to the exponential phase in both II and III cycles (Figure. 4.2A). At light intensity 

of 350 μmol m−2 s−1 yielded an average biomass productivity of 154 mg L-1 day-1 and a specific 

growth rate of 0.23-0.25 day-1. Similarly, a light intensity of 650 μmol m−2 s−1 resulted in an 

average biomass productivity of 132 mg L-1 day-1 and a specific growth rate of 0.22-0.24 day-

1, with a marginal reduction of only 14% from the values observed at 350 μmol m−2 s−1. The 

lowest biomass productivity of 69 mg L-1 day-1 along with specific growth rate 0.16-0.19 day-

1 was reached under low light treatment of 50 μmol m−2 s−1. Compared to all three batch semi-

continuous cycles, a significant increase in biomass productivity was observed in the II cycle 

at 350 µmol m-2 s-1 and 650 µmol m-2 s-1, and this productivity was maintained in the III cycle, 

indicating that the strain had adapted to both light intensities by maintaining a stable growth 

rate of more than 0.24 day-1. As shown in Figure. 4.2A and B, for the three-cycle experiment 

with low light intensity, a drop-in growth rate did not reveal any significant changes or 

improvements in growth. In light treatment experiment, highest total chlorophyll content was 

observed in 350 μmol m−2 s−1 which reached a value of 21.8 μg mL-1. Higher light intensity of 

650 and low light intensity of 50 μmol m−2 s−1 resulted in 17.9 μg mL-1 and 13.47 μg mL-1 total 

chlorophyll content (Figure. 4.2D). However as shown in Figure. 4.2B, carotenoids production 

increase with escalation in light intensity (1.03, 2.36, 4.25 μg mL-1 for 50, 350, 650 μmol m−2 

s−1) M. pusillum growth and adaptability to low light intensity were limited, possibly due to 

self-shading effects that impeded photosynthesis. Insufficient light for photosynthesis inhibited 

cell productivity [298]. The quantum yield (Fv/Fm) of Photosystem II was 0.51, indicating that 

it was below the desirable range [297]. Reduced chlorophyll levels suggest a hindrance in 

photosynthesis. Under high light intensity (650 μmol m−2 s−1) in a semi-continuous mode, the 

Fv/Fm ratio increased to 0.64 (Figure. 4.2D), indicating physiological acclimation despite 

limited enhancements in growth parameters. Elevated light and temperature conditions 

stimulated a rise in carotenoid levels, serving as a defense mechanism against oxidative stress 

[286]. M. pusillum growth patterns were influenced by light intensity and exhibited adaptive 

phases similar to temperature experiments. Carotenoids played a vital role in protecting the 

cells. 
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Fig. 4.2. Growth and photosynthetic performance of M.pusillum at three different light 
intensity treatment 50, 350 and 650  μmol m−2 s−1 (A) dynamic growth profile (B) growth rate 
of every cycle (C) productivity of biomass. (D) Fv/Fm and photosynthetic pigments (III cycle). 

 

4.3.1.3 Growth and photosynthetic performance in high temperature regime 

As depicted in Figure. 4.3A, under 38 °C/25 ℃ culture conditions, a 3 days lag phase 

was observed when the culture was initiated in Phase-I with a light intensity of 150 μmol m−2 

s−1. The lag phase was reduced in Phases II and III with an average biomass productivity of 

88.54 mg L-1 day-1 and a specific growth rate of 0.20-0.21 day-1. By switching the culture 

conditions to high light intensity (750 μmol m−2 s−1), the adaptability of M. pusillum to an 

increased temperature regime was boosted, resulting in a 1.6-fold increase in average biomass 

output from 0.74 g L-1 to 1.2 g L-1. As seen in Figure. 4.3B, the value of growth rate increased 

significantly from 0.21 day-1 to 0.28 day-1 when the culture was shifted to high light intensity, 

while productivity remained stable in the range of 150 mg L-1 day-1 to 158 mg L-1 day-1 in the 

II and III cycles, resulting in a productivity increase of more than 40% in comparison to 150 

µmol m-2 s-1. The photosystem II quantum yield (Fv/Fm) increased from 0.62 to 0.68, with a 

2-fold rise in carotenoids (1.67 to 3.23 µg mL-1) and a 1.4-fold decrease in chlorophyll content 
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(21.65 to 15.9 µg mL-1) (Figure. 4.3D).  The enhancement of Fv/Fm and carotenoids value 

directly indicated the improvement in photosynthesis adaptation of the cell, as described in 

section 3.1.2. It has been reported that the acclimation of microalgae to high light intensity 

resulted in increased thermal tolerance of PSII [65]. A night-time temperature of 25 ℃ 

promotes respiration and maintains a balance between catabolic and anabolic processes, 

supporting the ATP demand required for cellular metabolic energy [286]. The experiment's 

findings indicate that strain acclimation was superior and led to enhanced development 

compared to the continuous photon and thermal stress treatment in terms of temperature 

regime. High light intensity played a significant role in the thermal acclimatization of the strain 

to high temperature conditions by regulating the pigment and biochemical composition, 

specifically the fatty acid profile (further discussed below in sections 4.3.2 and 4.3.3). 

 

4.3.1.4 Growth and photosynthetic performance in low temperature regime 

When culture was exposed to a low temperature environment, a five-day long 

adaptation phase formed with sluggish growth in Phase I of the first cycle, and this phase 

persisted in the II and III cycles with an average productivity of 42.25 mg L-1 day-1 and a 

specific growth rate of 0.15 to 0.18 day-1. Intriguingly, changing the culture to high light 

resulted in a 1.86-fold increase in average cell density, with a value of 0.58 g L-1 and a specific 

growth of 0.18-0.24 day-1 (Figure. 4.3A &B). By altering the growth conditions from low to 

high light intensity the average biomass productivity enhanced nearly by 1.5-fold with value 

62.4 mg L-1 day-1, the photosystem quantum yield (Fv/Fm) rose from 0.54 to 0.63, confirming 

its photo adaptability to high light intensity (Singh et al., 2022). Carotenoids concentration 

increased by a factor of 2.25, from 1.04 µg mL-1 (150 µmol m-2 s-1) to 2.34 µg mL-1 (750 µmol 

m-2 s-1). As indicated in Figure. 4.3D, there was no significant variation in chlorophyll 

concentration between the two different light intensity experiments. Certain microalgae were 

shown to be able to adapt to low temperature stress in the presence of high light intensity, and 

this adaptation was achieved by the accumulation of high carotenoid levels [299]. High light 

intensities during the day time led to higher concentrations of carbohydrates accumulation in 

cell which provided more energy for maintenance purposes during cold stress  for the synthesis 

of proteins for cell division [292]. Apart from the general finding that the respiration rate 

depends on the temperature, the amount of light received over the day also seems to affect the 

respiration losses during the night [292]. 
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Fig. 4.3. Growth and photosynthesis of M. pusillum throughout a daily light/dark temperature 
cycle at LI 150 and 750 mol m-2 s-1 and 38/25°C and 21/12°C, respectively. (A) growth profile 
with two temperature regimes and two phases of light. (B) growth rate indicating the shift to 
high LI along a vertical dotted line. (C) biomass productivity per cycle. (D) Fv/Fm and 
photosynthetic pigments 
 

4.3.2 Differential regulation of cellular components under varying continuous light and 

temperature condition 

Significant changes in cellular components were observed under varying light and 

temperature conditions. (Figure. 4.4A). Lipid accumulation increased with temperature for 

both heat and cold stress. The lowest level was observed at 25 °C (7.63% of DCW), with higher 

levels at 15 °C (14.45%) and a significant increase at 35°C (26.78%). Lipid content was 

measured at light intensities of 50, 350, and 650 μmol m−2 s−1 with their value of 15.7%, 12.9%, 

and 23.85%, respectively. The lipid content increased 2-fold when exposed to a high light 

intensity of 650 μmol m−2 s−1 compared to 350 μmol m−2 s−1. This demonstrates the role of 

microalgae in the sequestration of carbon dioxide through the production of lipids rather than 

carbohydrates. The carbohydrate content exhibited a decreasing trend with an increase in 

temperature 15 °C (44.6%) > 25 °C (40.7%) > 35 °C (34.5%), suggesting a shift in carbon 
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allocation towards lipid production for CO2 mitigation, while no distinct trend was observed 

with varying light intensity (Figure. 4.4A). Carbohydrate concentration was highest at 350 

μmol m−2 s−1 (45%), followed by 50 μmol m−2 s−1 (41.26%) and 650 μmol m−2 s−1 (35.4%). 

Protein content remained stable during light treatment, but decreased slightly at higher 

intensities (50-650 μmol m−2 s−1), reaching values of 35.8%, 33.4%, and 28.9%. Protein 

concentrations were measured at 15, 25, and 35 °C, yielding values of 33.6%, 38.6%, and 

30.3%, respectively. Protein content declined by 8% and 3% under high (35 °C) and low 

temperature (15 °C) stress, respectively. 

Prolonged exposure to high temperatures resulted in elevated lipid levels and decreased 

carbohydrate concentrations. It is significant that the extended exposure to elevated 

temperatures resulted in an increase in lipid levels and a decrease in carbohydrate 

concentrations. This indicates that under stressful conditions, there is a preference for utilizing 

carbohydrates for energy production and lipid synthesis. The metabolic transition observed in 

microalgae allows for the redirection of surplus CO2 towards the synthesis of energy-reserving 

compounds, such as lipids and carbohydrates, thereby promoting CO2 sequestration and 

bioremediation [300]. Lipid productivity peaked at 46.95 mg L-1 day-1 when the temperature 

was 35 °C. Carbohydrate productivity peaked at 25 °C, with a maximum value of 81.32 mg L-

1 day-1. Under three distinct lighting conditions. The maximum lipid productivity of 39.3 mg 

L-1 day-1 was attained at a high light intensity of 650 μmol m−2 s−1 (Figure. 4.4B). 

Comprehending the metabolic reactions is of utmost importance in order to enhance the 

efficiency of carbon dioxide capture and storage through employment of microalgae. The 

variability of light and temperature, as well as the acclimation process, induce remodeling of 

microalgae to facilitate the utilization of CO2 for diverse metabolic pathways [301]. 

Regarding fatty acid regulation, the study revealed that increased light intensities and 

temperatures led to higher levels of saturated and monounsaturated fatty acids, while 

polyunsaturated fatty acid levels decreased (Figure. 4.4D). The most significant changes were 

observed in palmitic and stearic acids, with stearic acid showing the most prominent 

modulation, as illustrated in Figure. 4.4C. These findings indicate that prolonged exposure to 

high light and temperature can lead to oxidative damage to PUFAs and stimulate the production 

of SFAs through de novo fatty acid synthesis. [302]. This process alleviates photoinhibition 

and photodamage while enhancing the quality of biodiesel. 

 

TH-3503_176151004



Acclimation capacity of microalgal strains 

 

97 

 

 

Fig. 4.4. In response to three different light and temperature conditions. (A) Percentages and 
(B) productivity of lipids, protein, carbohydrates, and other types of biomass (C) fatty acid 
composition and (D) % of saturated, Mono and polyunsaturated fatty acid. 

 

4.3.3 Differential Regulation of cellular component in light and dark temperature 

regime in low and high light intensity 

The lipid content was 23.7% at 38/25°C and a light intensity of 150 μmol m−2 s−1. After 

switching the culture to high light intensity (750 μmol m−2 s−1), lipid content increased by 22% 

and carbohydrate content decreased from 34.22 to 30.24% (Figure. 4.5A). The results suggest 

that microalgae demonstrate a significant level of effectiveness in the allocation of carbon 

derived from CO2 towards the synthesis of lipids when exposed to high temperature and light 

conditions during the acclimation experiment. However, protein content remained stable 

between light phases, ranging from 29.38% to 27.76%. Under low temperatures (21°C/12°C) 
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and a light intensity of 150 μmol m−2 s−1, the lipid and carbohydrate contents were 14.5% and 

30.8%, respectively. During the second phase, increasing the light intensity from 150 to 750 

μmol m−2 s−1 resulted in a 16.2% increase in carbohydrates and a 32.2% increase in lipids, 

while protein content decreased from 34.35% to 28.9%. 

Figure.4.5A and 4.5B demonstrate that the lipid content and productivity were greater 

in the high temperature regime during both light intensity phases, in comparison to the low 

temperature regime. The concurrent presence of elevated temperature and intense light led to 

the attainment of the maximum lipid content (29%) and productivity (42.3 mg L-1 day-1). 

Enhanced lighting conditions improved the ability of photosystems to adjust to changes in light, 

resulting in an increase in the energy needed for converting CO2 into carbohydrate  [303]. 

Prolonged exposure to elevated light and temperature conditions leads to a progressive 

substitution of carbohydrates with neutral lipids, which function as an alternate strategy for 

storing energy[303]. Extended exposure to light increases the amount of light available and 

prolongs the time during which photosynthesis occurs. This leads to an increased uptake of 

CO2 via the Calvin cycle, which allows for the buildup of more carbohydrate molecules. The 

investigation revealed disparities in protein accumulation and glucose concentration between 

the studies conducted under the light-dark regime and those carried out under continuous light 

conditions. Protein buildup was found to be greater and carbohydrate content lower under the 

light-dark regime. This was attributed to the use of stored carbs in photorespiration during the 

dark phase [304]. The research shown that manipulating the light and dark temperature regime 

and photon intensity duration helps to elucidate the rapid metabolic adaptations and 

acclimation responses of microalgae in response to changes in light availability[305]. This 

facilitates the examination of the shift from photoautotrophic metabolism to heterotrophic 

respiration and the interdependence of these mechanisms in CO2 assimilation. 

The findings also indicated that the temperature regime has an impact on the 

restructuring of fatty acid chains (Figure.4.5C and D). More precisely, a rise in the amount of 

unsaturated fatty acids was seen at lower temperatures, whereas a rise in the amount of 

saturated fatty acids was noticed at higher temperatures. The current study found that 

polyunsaturated fatty acids (PUFAs) had the highest concentration of fatty acids at low 

temperature settings. Nevertheless, when subjected to intense light, polyunsaturated fatty acids 

(PUFAs) experienced a reduction of 3.1%, but saturated fatty acids (SFAs) exhibited a rise of 

5.1% (Figure.4.5D). The shift observed may be attributed to the oxidative deterioration of 

PUFAs in response to the higher light intensity, as explained in section 4.3.2. The growing 
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conditions consistently yielded the greatest levels of palmitic and stearic acid, suggesting their 

suitability as desirable fuel characteristics for biodiesel generation. The primary observations 

were the separation of unsaturation and the alteration of fatty acid composition in both light 

and temperature conditions for C-16 and C-18 specifically in both low temperature condition 

towards unsaturation of fatty acid. Low Temperature affects enzymatic activities and 

membrane fluidity, with optimal temperatures boosting metabolic rates and lipid biosynthesis, 

and higher temperatures increasing saturated and monounsaturated fatty acids to stabilize 

membranes. Low temperatures slow metabolic processes, leading to a rise in polyunsaturated 

fatty acids to maintain membrane fluidity [306]. 

Microalgae KMC8 have remarkable adaptability in response to changes in light and 

temperature, which have a substantial impact on their cellular composition and fatty acid 

profiles. The interaction between light and temperature forms an intricate regulatory system 

that increases the generation of lipids and the productivity of biomass under ideal 

circumstances. However, when conditions are less than perfect, stress responses and metabolic 

changes are activated to support growth. Gaining a comprehensive understanding of these 

regulatory systems is essential for optimizing the production of microalgae, with the goal of 

maximizing both the quantity and quality of biofuels for commercial bioenergy applications. 

Therefore, instead of the biochemical composition, the fatty acid has a significant influence on 

the cell's ability to adapt to various culture techniques. 
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Fig. 4.5. In response to two different temperature regimes continue in low to high light intensity 
cultivation condition (A) Percentages and (B) productivity of lipids, protein, carbohydrates, 
and other types of biomass (C) fatty acid composition and (D) % of saturated, Mono and 
polyunsaturated fatty acid 

 

4.3.4 Assessment of the CO2 utilization efficiency in different light and temperature 

conditions 

CO2 utilization was most efficient at 25 ℃, averaging 1.2 ± 0.23% over three cycles. 

No significant difference was observed at 35 ℃, with an average of 0.98 ± 0.24% being 

maintained. The efficiency was lowest at 15 ℃, with a value of 0.47 ± 0.04% (Figure. 4.6A). 

The CO2 utilization efficiency were measured at light intensities of 50, 350 and 650 μmol m−2 

s−1, resulting in average values of 0.4 ± 0.04%, 0.92 ± 0.22%, and 0.75 ± 0.21%, respectively 

(Figure. 4.6B). In experiments with low temperature (15 ℃) and low light (50 μmol m−2 s−1), 
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CO2 utilization efficiency decreased, whereas there was no discernible difference in 

experiments with high temperature and light Figure. 4.6B and C. A marginal improvement in 

CO2 utilization efficiency was noted in the II and III cycles as compared to the I cycle, when 

the experiment was conducted at 25 ℃ and 35 ℃, and with light intensity of 350 and 650 μmol 

m−2 s−1. The observed outcome can be attributed to the high initial inoculum density, while no 

notable variation was detected in the low light and low temperature treatment. According to 

section 4.3.1, the performance of the cells' photosystems was a factor in the connection between 

biomass output and CO2 utilization. High temperature and light treatments resulted in enhanced 

photosystem quantum yield and no growth inhibition. Rising temperature reduces CO2 

solubility, which may restrict microalgae's access to this substrate. The effect of temperature 

on CO2 availability can be reduced by introducing high concentration CO2 into appropriate 

systems. Sustaining CO2 fixation through photosynthesis is vital for the adaptation of 

microalgae to elevated temperatures [44]. The average CO2 utilization efficiency was 0.78 ± 

0.12% in outdoor simulation experiments conducted at a temperature of 38 ℃/25 ℃ and light 

intensity of 150 μmol m−2 s−1. Increasing the light intensity to 750 μmol m−2 s−1 resulted in a 

1.5-fold increase in efficiency, with an average value of 1.23 ± 0.23%. At a temperature of 21 

℃/12 ℃, CO2 utilization efficiency was lower but increased by 1.4 times to 0.56 ± 0.149% at 

a light intensity of 750 μmol m−2 s−1. The growth rate and photosystem quantum yield were 

enhanced by exposing the culture to high light intensity at different temperature regimes. The 

findings of the study suggest that microalgae exhibit enhanced CO2 utilizations under light and 

dark temperature cycles, and that their utilizations of photochemical energy and photosynthesis 

is further improved by recurrent periods of darkness [65]. Sufficient levels of light intensity 

during the daytime are crucial for promoting growth and facilitating acclimation to thermal and 

cold stress, while also promoting optimal utilizations of CO2 [307]. 
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Fig. 4.6. CO2 utilization efficiency in three distinct (A) temperature and (B) light treatments 
and (C) two distinct temperature regimes in response to two distinct light intensities at the end 
of semi-continuous mode. All data points represent the mean of n=2 biological replicates; error 
bars represent the replicates standard deviation. 

 

4.3.5 Assessment the interaction of carbon and nitrogen assimilation for bioenergy 

generation and CO2 sequestration potential 

4.3.5.1 Light and temperature treatment 

Constant temperature: Table 4.2 shows that increasing the temperature from 15 °C to 

25 °C resulted in a two-fold increase in carbon and nitrogen fixation rates. Carbon and nitrogen 

fixation rates showed a significant increase from 43.5 ± 0.02 to 97 ± 0.02 mg L-1 day-1 and 

from 4.65 ± 0.51 to 10.03 ± 0.43 mg L-1 day-1, respectively. Increased temperature led to 

improved CO2 utilization efficiency (0.5 ± 0.07 to 1.12 ± 0.1%) and a 2.3-fold rise in CO2 

fixation rate (160 ± 0.05 to 355 ± 0.03 mg L-1 day-1). Nitrogen and carbon fixation rates slightly 

increased at 35 °C compared to 25 °C. Increased temperature (35 °C) improved the ability of 
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CO2 bioremediation by promoting nitrogen and carbon fixation rates. CO2 utilization efficiency 

was 1.15 ± 0.06% and fixation was 370 ± 0.02 mg L-1 day-1. Carbon and nitrogen fixation are 

important for energy buildup in biomass, highlighting their role in CO2 assimilation and 

sustainable bioenergy production. Cellular metabolite-based bioenergy reached maximum at 

35°C, with 58.82 ± 0.35 kJ and HHV of 25.97 kJ g-1. The phenomenon was associated with 

increased lipid concentration, leading to greater carbon biomass accumulation (50.08 ± 1.92 

mmol C L-1). At 25 °C, bioenergy stored was 48.51 ± 2.31 kJ and HHV was 22.40 kJ g-1, with 

carbon assimilation at 48.26 ± 2.73 mmol C L-1 [76]. Reduced temperatures decreased C and 

N fixation rates, leading to lower productivity, energy content, and carbon assimilation in 

biomass. Bioenergy and carbon assimilation were measured at 15 ℃ (27.34 ± 1.25 kJ and 21.86 

± 1.25 mmol C L-1) and compared to 25 °C and 35 °C (Table 4.1). Fixation of carbon and 

nitrogen is vital for sustaining photosynthesis and enhancing metabolite productivity for 

biomass formation [308]. The growth-related metabolism of microalgae is subject to 

modulation by both temperature and CO2 conditions, which in turn affect the demand for and 

limitation of nitrogen. An increase in the supply of carbon and nitrogen is linked to a rise in 

the rate of this metabolic pathway for the production of high-energy carbon storage molecules 

within cells [287]. Therefore, maintaining a suitable balance between carbon and nitrogen is 

crucial to ensure efficient utilization of CO2 and assimilation of biomass with high carbon 

content for bioenergy production, while considering fixation rate and cellular stoichiometry 

under different temperature conditions [309,310]. 

Constant light: Distinct trends in nutrient and CO2 fixation were observed in 

experiments comparing temperature and light intensity. At 50 μmol m−2 s−1 light intensity, C 

and N fixation rates were 38.21 ± 0.02 and 4.39 ± 0.23 mg L-1 day-1, respectively. At 350 μmol 

m−2 s−1, C and N fixation rate rates increased by 2.7 and 1.93-fold. CO2 utilization efficiency 

and fixing rate increased significantly from 0.44% to 1.18% and 140 to 370 mg L-1 day-1, 

respectively. The carbon output increased by 2.68 times, from 19.11 ± 1.12 to 51.06 ± 1.96 

mmol C L-1. At a light intensity of 650 μmol m−2 s−1, both carbon and nitrogen fixation rates 

decreased compared to 350 μmol m−2 s−1. Specifically, carbon fixation decreased from 102 ± 

0.01 to 82.8 ± 0.02 mg L-1 day-1, and nitrogen fixation decreased from 8.48 ± 0.27 to 6.58 ± 

0.02 mg L-1 day-1. Additionally, there was a 20% reduction in carbon yield, which was 

measured at 41.02± 0.94 mmol C L-1. Increasing light intensity from 50 to 350 μmol m−2 s−1 

enhanced photosynthesis, indicated by higher photosystem II quantum yield (Fv/Fm) from 0.53 

to 0.64 and increased chlorophyll content. The changes facilitated faster carbon and nitrogen 
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intake and increased carbon biomass by utilizing CO2. At 650 μmol m−2 s−1 light intensity, no 

photoinhibition was observed based on Fv/Fm ratio and chlorophyll content [303,311]. 

Evidence of photoacclimation to light intensity was observed [303]. Biomass bioenergy and 

heating value were similar at 350 and 650 μmol m−2 s−1 light intensity. Elevated light intensity 

(650 μmol m−2 s−1) increased lipid content and reduced carbohydrate content, but had no 

significant impact on bioenergy or high heating value. Bioenergy content was lowest at 25.97 

± 1.83 kJ with 50 μmol m−2 s−1 light intensity. At 350 μmol m−2 s−1 light intensity, the 

experiment showed moderate lipid content, no growth inhibition, and higher carbohydrate 

accumulation. A positive correlation exists between the intensity of light and the rate of 

photosynthesis, which consequently leads to an augmentation in the levels of CO2 fixation. The 

underlying cause of this phenomenon is that an elevation in luminous intensity 50 to 350 μmol 

m−2 s−1 yields a heightened supply of energy for the light-dependent reactions involved in the 

process of photosynthesis. The aforementioned reactions entail the assimilation of light and the 

synthesis of ATP and NADPH, which are fundamental for the sequestration of CO2 [312]. 

Under conditions of optimal light intensity 350 μmol m−2 s−1, microalgae utilize CO2 to 

primarily synthesize carbohydrates, which supports their growth, reproduction, and metabolic 

functions. This process enables microalgae to maintain a harmonious equilibrium between 

energy availability and metabolic demands [313]. High light intensities can result in 

photoinhibition, a state in which an overabundance of light energy causes harm to the 

photosynthetic apparatus. This can decrease the assimilation capacity and alter the pathway 

towards energy storage molecules, primarily lipids, instead of metabolite productivity for 

growth [244]. The results indicate that at a light intensity of 650 μmol m−2 s−1, lipid productivity 

is significantly elevated while maintaining the bioenergy value of the biomass. 

Correlation of carbon and nitrogen to light and temperature: Based on Figure. 4.7A, 

both nitrogen and carbon fixation increased linearly with temperature. Nitrogen fixation was 

shown to have a stronger link (r2 = 0.9, p = 0.003) than carbon fixation (r2 = 0.77, p = 0.02), 

even though both carbon and nitrogen fixation seem to have a high correlation impact on the 

temperature treatment experiment. The present findings unambiguously demonstrate that the 

process of thermal acclimation in the strain under investigation has led to a notable increase in 

the metabolic activity of the cell, thereby strengthening its potential for CO2 fixation [186]. As 

indicated in Figure. 4.7B, there is no significant linear association between light intensity and 

the fixation of carbon and nitrogen, as was found for temperature. However, it has been 
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observed that photo acclimatization of cells has a positive correlation with elevated rates of 

photosynthesis and CO2 fixation, resulting in a subsequent increase in carbon assimilation.  

However, based on the overall results of the continuous light and temperature treatment 

experiments, we conclude that the semi-continuous derived acclimation of the strain led to an 

enhancement in its photon and thermotolerance, which was attributed to an elevation in the 

assimilation rate of both carbon and nitrogen. Consequently, there was a rise in the need for 

carbon and nitrogen to sustain the process of CO2 assimilation and the conversion into of 

organic carbon-rich biomass, which facilitated the accumulation of high levels of intracellular 

bioenergy in the biomass [185]. 

 

 

(A)       (B) 

Fig. 4.7: Effect of different (A) continues light and (B) temperature condition on carbon and 
nitrogen fixation. All data points represent the mean of n=2 biological replicates; error bars 
represent the replicates' standard deviation. Light pink and blue area represent 95% of 
confidence interval. The graph displays the Pearson correlation (p) derived from a multiple 
linear regression analysis of carbon and nitrogen fixation under various light and temperature 
conditions. 

 

4.3.5.2 Light and dark temperature regime in low and high light intensity 

High temperature regime (38 ℃/25 ℃): The nitrogen and carbon fixation in the high 

temperature regime studies were 4.25 ± 0.05 mg L-1 day-1and 51.16 ± 0.01 mg L-1 day-1 at a 

light intensity of 150 µmol m-2 s-1, respectively, with a CO2 utilisation efficiency of 1.33% and 

CO2 fixation of 190 ± 0.01 mg L-1 day-1. The transition to high-light cultivation 750 μmol m−2 

s−1 increased carbon and nitrogen fixation rates by 1.5 and 1.3 times, respectively, with a CO2 

utilisation efficiency of 2.03% and a 1.5-fold increase in CO2 fixation rate of 280 ± 0.02 mg L-
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1 day-1 (Table 4.2). Carbon and nitrogen fixation enhancements increase cellular bioenergy 

accumulation by 1.6 times, from 31.71± 0.77 kJ to 45.51 ± 0.79 kJ, while carbon production 

output increases from 25.58 ± 0.32 to 38.40 ± 1.26 mmol C L-1 (Table 4.1). High daylight and 

temperature have a positive effect on biomass productivity to maintain the proper balance 

between photosynthesis and respiration and can overcome the high photon and thermal stress 

received during the day [177,314].  Whereas, the low temperature at night provides an 

opportunity for cells to temporarily recover cell function in response to high light and 

temperature treatment by secreting more protein to maintain cell metabolic function [315]. As 

shown by this work, thermal or photon acclimatisation may be increased by varying 

temperature and light conditions as opposed to continuous thermal and photon stress. 

Low temperature regime (21 ℃/12 ℃). Carbon and nitrogen fixation are slower in the 

low temperature experiment than in the high temperature experiment, but continuing the culture 

at high light intensity 750 μmol m−2 s−1 improved nutrient fixation (carbon fixation from 23.43 

to 33.92 mg L-1 day-1 and nitrogen fixation from 2.64 to 3.03 mg L-1 day-1). Also, the CO2 

utilization efficiency and CO2 fixation increased from 0.59 ±0.06% to 0.88 ±0.03% and 80 ± 

0.01 to 120 ± 0.01 mg L-1 day-1 respectively. The accumulation yield of carbon biomass 

increased from 11.45± 1.21 to 16.96± 0.82 mmol C L-1 (Table 4.2). In the low temperature 

regime of 21°C/12 °C, a considerable loss of cellular bioenergy accumulation in biomass was 

detected, but the high light intensity increased bioenergy accumulation from 14.1±0.92 kJ to 

17.85 ± 0.50 kJ (Table 4.1). Adaptation of strains to both high and low temperature regimes is 

dominated by the intensity of light. This is performed by enhancing the capacity to ingest 

nitrogen and carbon, which enables the storage of a greater quantity of carbon biomass. 

Microalgae maintain their cellular energy level by undergoing metabolic changes, balancing 

stoichiometric elements, and acquiring nutrients in response to environmental variations. 

Correlation of carbon and nitrogen to light and temperature regime: In temperature 

regime experiments, both carbon and nitrogen fixation were observed to increase linearly with 

light intensity (Figure. 4.8A & B). Nitrogen fixation follows the same linear relationship in 

both high and low temperature regimes (r2 = 0.58); however, as discussed, the nitrogen fixation 

rate was greater in the high temperature regime experiment. Studies conducted at both high and 

low temperatures revealed a linear relationship between the rate of carbon fixation and 

temperature, with r2 = 0.94, p = 0.02 at high temperatures and r2 = 0.89, p = 0.01 at low 

temperatures. However, the link between carbon fixation and temperature was stronger in 

experiments done at higher temperatures. Carbon and nitrogen fixation are extremely 
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significant and therefore are corelated to each other; however, the correlation is greater at 

higher temperatures (p = 0.007) in contrast to the low temperature regime (p = 0.01). The 

balance between carbon and nitrogen fixing is crucial for sustaining carbon accumulation in 

biomass at increased CO2 levels (Figure. 4.8B). 

 

 

(A) (B) 

Fig. 4.8. Effect of different (A) high temperature regime and (B) low temperature regime 
condition on carbon and nitrogen fixation. All data points represent the mean of n=2 biological 
replicates; error bars represent the replicates' standard deviation. Light pink and blue area 
represent 95% of confidence interval. The graph displays the Pearson correlation (p) derived 
from a multiple linear regression analysis of carbon and nitrogen fixation under various light 
and temperature conditions. 
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Table 4.1 Elemental stichometry bioenergy and carbon yield of M.pusillum  in different treatment conditions  

 Culture  
Condition  

Elementary composition 
(%) 

HHV 
KJ g-1 

C: N  
mol:mol 

Biomass yield  
(mmol C L-1) 

Bioenergy 
(KJ)  

Bioenergy 
productivity 
(KJ L-1d-1) 

 Temperature C H N S     

15℃ 49.82 4.34 5.27 0.55 21.56 11.04 ± 0.75 21.86 ± 2.14 27.34 ± 1.25 1.39 ± 0.03 
25℃ 48.17 5.53 5.93 0.61 22.40 9.57 ± 1.06 48.26 ± 2.73 48.51 ± 2.31 2.89 ± 0.15 
35℃ 52.87 7.12 4.78 0.26 25.97 13.08 ± 1.09 50.08± 1.92 58.82 ± 0.35 3.39 ± 0.01 
Light 

(µmol m-2s-1) 
         

50 50.25 6.17 5.82 0.50 23.87 10.22 ± 1.13 19.11±1.12 25.97 ± 1.83 1.58 ± 0.19 
200 51.34 6.70 4.72 0.42 26.02 14.04 ± 0.60 51.06± 1.96 49.25 ± 2.12 3.60 ± 0.35 
750 52.27 6.75 4.05 0.35 26.59 14.71 ± 0.41 41.02± 0.94 49.82 ± 2.52 3.65 ± 0.27 

Dural 
temperature 

         

38/25℃ (LL)a 50.92 6.86 4.26 0.37 25.18 14.03 ± 0.12 25.58 ± 0.32 31.71 ± 0.77 1.93 ± 0.03 
38/25℃ (HL)b 51.96 6.84 3.79 0.17 25.62 16.22 ± 1.15 38.65 ± 1.26 45.15 ± 0.79 3.08 ± 0.06 
21/12℃ (LL) 46.64 5.28 5.39 0.47 21.63 10.09 ± 0.54 11.45 ± 1.21 14.1 ± 0.92 0.80 ± 0.07 
21/12℃ (HL) 48.93 5.70 4.28 0.39 23.01 13.21 ± 0.48 16.96 ± 0.82 17.85 ± 0.48 1.16 ± 0.52 
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Y = 4.543*X + 4.909

 

 

Fig. 4.9. (A) Box-whisker plot illustrating changes in the overall range of biomass growth in 
three different temperature (C.T.) and light treatment (C.L.) of three semi-continuous batch 
cycles and with high temperature (HTR, 38°C/25°C) and low temperature (LTR, 21°C/12°C) 
regimes of six cycles, three cycles each in two light intensities. (B) Overall nitrogen fixation-
carbon yield correlation. Points show the average light and temperature conditions. 

 

Table 4.2 Evaluation of CO2 bio-mitigation with carbon and nitrogen fixation rate of 
M.pusillum  in different treatment conditions 

Temperature 
(℃) 

CO2 fixation rate 
(mg L-1 d-1) 

CO2 
utilization 
efficiency 

(%) 

Carbon 
fixation 

rate 
(mg L-1 d-1) 

Nitrogen 
fixation 

rate 
(mg L-1 d-1) 

15 160 ± 0.05 0.5 ± 0.07 43.5 ± 0.02 4.65 ± 0.51 
25 355± 0.03 1.12 ± 0.1 97 ± 0.01 10.03 ± 0.43 
35 370 ± 0.02 1.15 ± 0.06 99.3 ± 0.01 12.97 ± 1.03 

Light intensity 
(µmol m-2s-1) 

CO2 fixation rate 
(mg L-1 d-1) 

CO2 
utilization 
efficiency 

(%) 

Carbon 
fixation 

rate 
(mg L-1 d-1) 

Nitrogen 
fixation 

rate 
(mg L-1 d-1) 

50 140 ± 0.02 0.44 ± 0.04 38.21 ± 0.02 4.39 ± 0.23 
200 370 ± 0.01 1.18 ± 0.06 102 ± 0.01 8.48 ± 0.27 
750 310 ± 0.02 0.96 ± 0.05 82.8 ± 0.02 6.58 ± 0.02 

Diurnal 
temperature 

CO2 fixation rate 
(mg L-1 d-1) 

CO2 

utilization 
efficiency 

(%) 

Carbon 
fixation 

rate 
(mg L-1 d-1) 

Nitrogen 
fixation 

rate 
(mg L-1 d-1) 

38/25℃ (LL) 190 ± 0.01 1.33 ± 0.01 51.16 ± 0.01 4.25 ± 0.05 
38/25℃ (HL) 280 ± 0.02 2.03 ± 0.14 78.25 ± 0.01 5.62 ± 0.12 
21/12℃(LL) 80 ± 0.01 0.59 ± 0.06 23.43 ± 0.01 2.64 ± 0.14 
21/12℃ (HL) 120 ± 0.01 0.88 ± 0.03 33.92 ± 0.01 3.03 ± 0.18 
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4.4 Conclusion 

Overall, this research showed that the growth rate, lipid and carbohydrate levels, 

efficiency of CO2 utilization, and bioenergy production of M. pusillum are greatly affected by 

temperature, light intensity, and daily temperature patterns. M. pusillum has shown its promise 

as a bioenergy source with carbon capture and storage, especially in tropical areas such as 

Assam, by achieving the maximum biomass productivity and bioenergy output under high light 

and temperature conditions. Nevertheless, the occurrence of poor production was noted at very 

cold winter temperatures, which may be alleviated by increased light intensity. The range of 

CO2 utilization efficiency varied from 0.32% to 2.03%, with values above 1.5% under ideal 

circumstances. The lipid content ranged from 23% to 34%, consisting of C-18 and C-16 fatty 

acids that are ideal for the generation of biodiesel. By exposing the strain to high light and 

temperature conditions, the quality of the biomass was improved by controlling and 

restructuring metabolites with a carbon content above 50%, while maintaining normal levels 

of photosynthesis and growth. The rapid metabolic adjustments and acclimation responses of 

M. pusillum, together with its exceptional ability to mitigate CO2, demonstrate its ability to 

thrive in outdoor settings with diverse light and temperature conditions. The availability of 

nitrogen played a vital role in influencing the process of carbon utilization in biomass under all 

circumstances. This was evident from the positive linear connection (r² = 0.81) observed 

between the rate of nitrogen fixation and the yield of carbon. Optimizing nitrogen levels is 

crucial under varying CO2, light, and temperature circumstances. Semi-continuous operation 

improves the efficiency of microalgae-based carbon dioxide reduction and bioenergy 

production, hence increasing its economic viability. These results provide crucial insights for 

the development of a sustainable 'Microalgae Bioenergy with Carbon Capture and Storage 

System' for future large-scale production. 
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Chapter 5 
 

Process engineering strategy for enhancing 
CO2 utilization and biomass-derived 

biochemical production 
 

 

5.1 Background and motivation 

The pursuit of sustainable and scalable processes for microalgal-based CO2 capture and 

bioenergy production hinges upon strategic process engineering. This approach aims not only 

to enhance CO2 utilization but also to optimize the assimilation of carbon energy molecules, 

specifically lipids, thereby improving economic viability and sustainability. A significant 

challenge in microalgal cultivation is the substantial water requirement exacerbated by the 

release of dissolved organic carbon (DOC), which impedes the recycling and reusability of 

cultivation media and nutrients. The interplay between nitrogen, phosphorus, and light 

profoundly influences key biological processes in microalgae, including photosynthesis, CO2 

fixation, and the regulation of DOC release crucial for water recyclability. Understanding these 

dynamics is essential for enhancing microalgal biomass production towards CO2 reduction and 

lipid synthesis. This understanding becomes particularly critical in mitigating the effects of 

CO2 saturation and ensuring efficient carbon fixation under elevated CO2 conditions. This study 

focuses on Micractinium pusillum KMC8 and investigates the impact of initial nitrogen levels 

on growth dynamics, CO2 utilization, organic carbon excretion, and their interactions with 

carbon and nitrogen assimilation, emphasizing biomass production. Furthermore, it explores 

the relationship between phosphate availability, light conditions, and two photobioreactor 

strategies, offering insights into microalgae adaptability, carbon and nitrogen assimilation, and 

lipid production. 

 

.
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Long-term productivity and CO2 mitigation strategies are evaluated in a semi-

continuous cultivation system incorporating media recycling. The study assesses biomass 

productivity and carbon utilization across multiple cycles, emphasizing optimal nitrogen 

concentrations for growth and nitrogen utilization under a 15% CO2 environment. Kinetic 

models such as Logistic and Gompertz are employed to analyze KMC8 cell growth dynamics, 

revealing that varying nitrogen concentrations impact biomass growth and lipid productivity 

differently. Moreover, the study investigates the effects of phosphorus availability and light 

intensity on microalgal performance. Incremental increases in light intensity coupled with 

sufficient phosphorus significantly enhance biomass and lipid productivity, demonstrating 

improved CO2 utilization efficiency compared to constant high light conditions. Finally, this 

study proposes a water recycling-fed batch cycle with gradual light feeding, resulting in 

substantial CO2 fixation, enhanced biomass and lipid productivity, and efficient lipid synthesis. 

The key results indicate a robust connection between nitrate levels and the development 

of microalgae. Higher concentrations of nitrogen have a considerable positive impact on 

biomass production and prolong the period of exponential growth. An increase of four times in 

nitrogen concentration (70.6 mmol/L) led to a 28.78% increase in biomass (2.06 g L-1) and a 

30.34% enhancement in productivity (140 mg L-1day-1) compared to the control. In contrast, 

the lack of nitrogen significantly hindered growth, resulting in a substantial 67% decline in 

output when exposed to nitrogen levels of 0.25 times the normal concentration (4.42 mmol/L). 

Furthermore, the availability of nitrogen significantly influenced both the efficiency of 

photosynthesis and the accumulation of lipids. Increased nitrogen levels at 70.6 mmol/L 

enhanced photosynthetic efficiency and decreased lipid content. Conversely, nitrogen 

deprivation greatly boosted lipid output. Significantly, the lipid content increased to 26% when 

the nitrogen level was low (4.42 mmol/L), however the development of biomass was impeded. 

Nitrogen has a dual function in regulating pH and assimilating CO2, since higher nitrogen levels 

improve the ability to buffer pH and enhance the efficacy of CO2 mitigation. 

Phosphorus and light conditions further influenced growth and lipid productivity, with 

higher phosphorus (2.3 mmol/L) and initial high light intensity (1200 µmol/m2 s-1) leading to 

improved biomass (2.87 g L-1) and lipid productivity (34.34 mg L-1 day-1). A gradual increase 

in light intensity also positively affected growth, with a 17.49% rise in biomass productivity 

(255 mg L-1 day-1) under high phosphorus. Finally, an acclimatized high cell density repeated 

fed-batch strategy using reused media demonstrated stable performance in biomass and lipid 

productivity. Reused media showed periodic fluctuations in productivity, with a notable 23% 
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increase in average lipid productivity compared to fresh media. CO2 fixation rates and organic 

carbon excretion patterns indicated metabolic adaptations to nutrient availability and cycling 

conditions. Overall, this study underscores the critical role of nitrogen in optimizing microalgal 

growth, photosynthesis, lipid productivity, and CO2 mitigation, providing insights for 

enhancing biofuel production and carbon sequestration using M. pusillum. 

 

5.2 Materials and methods 

5.2.1 Microalgal strain and culture conditions 

For this study the culture was maintained in a 500 mL reagent bottle (Borosil 1501024) 

containing carbon-free BG11 medium as described in section 3.2.1, 15% CO2 mixed with 

compressed air was used as sole carbon source by replacing sodium carbonate as carbon source 

in normal BG11 media. The bottle featured two perforations in the screw cap to facilitate air 

exchange as shown in Figure.5.1A. The culture volume was 400 mL, and air with carbon 

dioxide (15%) was supplied through one cap opening, at a rate of 50 ml min-1 regulated by a 

calibrated rotameter (section 3.2.2). A stone aerator was used at the base of the reactor to 

facilitate aeration. The culture was subjected to a light intensity of 150 µmol m-2 s-1 using three 

cool white tube lights (Philips 20-watt 6500k), with a 16:8 (light/dark) cycle at a room 

temperature of 25±3 ℃. The inoculum was cultured weekly under consistent conditions to 

enhance its adaptability to the elevated CO2 conditions. On the 7th day of the mid-logarithmic 

growth phase, cells were obtained from the culture by subjecting the culture broth to 

centrifugation at a force of 5000 g for a duration of 5 min. In all experiments, the resulting 

pellet was resuspended to maintain an initial cell density of 0.1 g L-1. This density was 

monitored and controlled by measuring optical density (OD680), with 1 OD680 corresponding to 

0.22 g DCW L-1 [297]. In all experiments, the pH was not controlled, including the preparation 

of the inoculum. 

 

5.2.2 Culture in different nitrogen concentration 

The experiments utilized different nitrogen levels to examine the impact of nitrogen 

concentration in 500 mL reagent bottle (Figure.5.1A).  The nitrogen concentrations used in this 

study were as follows: a standard BG11 media concentration of 17.65 mmol L-1 (1x) of nitrate 

nitrogen, which stayed as the control, and four additional levels: 4.42 and 8.83 mmol L-1 (0.25x 
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and 0.5x, representing nitrogen limitation), as well as 35.3 and 70.6 mmol L-1 (2x and 4x, 

representing nitrogen sufficiency) and one with without nitrogen. All experiments were 

conducted in duplicate for 15 days using a reagent bottle under identical culture conditions as 

previously described for inoculum preparation (section 5.2.1). 

 

 

 

Fig. 5.1. (A) Schematic diagram of Reagent bottle experiment (B) Real experimental setup 
picture (C) Attached air and CO2 rotameter 

 

5.2.3 Culture in different light and phosphorus condition 

This study utilized a previously described custom photobioreactor with controlled and 

adjustable light conditions as described in section 3.2.2 to assess the impact of different 

phosphorus concentrations and light conditions. In a 20-day batch process, two phosphorus 

levels were examined: a standard concentration of 0.23 mmol L-1 (1x) representing BG11 

media, and a high concentration of 2.3 mmol L-1 (10x), under two distinct light conditions. A 

light intensity of 1200 µmol m-2 s-1 with 16:8 (light: dark) cycle was consistently maintained 

for 20 days. The second condition entailed a progressive augmentation in light intensity. The 

experiment began with an initial light intensity of 150 µmol /m2 s−1 for four days. This was 

then increased to 300, 600, and 850 µmol m-2 s-1 for four days each, before reaching a final 

intensity of 1200 µmol m-2 s-1. The light intensity in the photobioreactor was regulated by 

adjusting the power output using a DC regulator (Metravi RPS-3005 DC India) and the distance 
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of the light source. The intensity was measured using a quantum meter (MQ-200, Apogee 

Instruments, Logan, UT). Aeration in the reactor was accomplished by utilizing a customized 

silicone fine bubble, double ring sparger positioned at the bottom (Figure.5.1B), with a flow 

rate of 200 mL min-1 (0.1 vvm, volume of gas per volume of culture per min). Four distinct 

batch runs were carried out to investigate the growth, nutrient fixation, and CO2 mitigation 

processes within specific time intervals (0-4, 5-12, and 12-20 days), with a focus on 

understanding the adaptable exponential phase and nutrient requirements. 

 

5.2.4 Process of operation procedure for repeated fed-batch culturing with water 

recycling 

The cultivation process began with a 15-day batch culture phase, during which the light 

intensity progressively escalated in accordance with the prescribed gradual light feeding 

strategy as mentioned in above section 5.2.3, thereafter maintaining a consistent level of 1200 

µmol m-2 s−1. After this stage, around 45-50% of the culture broth volume was collected and 

then centrifuged at 3000 rpm for 3 min to separate the microalgal biomass. The harvested 

medium was recycled as the culture medium for subsequent microalgae cultivations, 

transitioning to a fed-batch cultivation mode. The recycled medium was supplemented with 

nitrate, phosphorus, sulphur, and trace metals to match the standard concentration of BG11 

media. The phosphate pulse-feeding was carefully timed to coincide with a specific fourth-day 

interval, when nitrate concentrations in the medium consistently stayed below 4 mmol L-1. The 

cultivation process was repeated for four cycles, each lasting 7 days, except for the final cycle 

which lasted 10 days to ensure optimal nutrient utilization. 

 

5.2.5 Microalgal Growth, lipid production and Photosynthesis Performance 

The microalgal growth study is conducted using an equation that relates optical density 

to dry cell weight by equation 3.2 mentioned in previous chapter 3 n. Additionally, the 

parameters of biomass production and specific growth are assessed using an equation provided 

in the methodology part of chapter 3 by equation 3.5 and 3.6. 

Microalgal growth data were subjected to modelling using GraphPad Prism 10 

software. The Monad kinetic model was employed to simulate the effect of nitrogen 

concertation on growth rate by Eqs. 5.1. The Logistic or Gompertz models were employed for 
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the analysis of growth parameter. The equations for the general form of the Logistic and 

Gompertz equations were presented in Eqs. 5.2 and 5.3 respectively. The parameters of the 

kinetic equation were defined as follows: the growth rate (µ, day-1), maximum growth rate 

(µmax day-1), initial nitrogen concentration (Si, mmol/L), half saturation constant (Km, mmol/L). 

The starting biomass (Xi, g/L), maximum biomass (Xmax., g/L), growth rate constant (µ, day-1), 

time (t, day), and the biomass (X, g/L). 

µ =
µ௠௔௫. × [𝑆௜]

𝑘௠ + [𝑆௜]
 

(5.1) 

𝑋 =
𝑋௠௔௫. × 𝑋௜

(𝑋௠௔௫. − 𝑋௜) × 𝑒𝑥𝑝(ିµ×௧) × 𝑋௜
 

(5.2) 

𝑋 = 𝑋௠௔௫, × ൬
𝑋௜

𝑋௠௔௫.
൰

௘௫௣(ିµ×௧)

 
(5.3) 

Photosynthesis performance was analyzed by quantification of pigment using a 

spectrophotometric method and, the maximal photochemical efficiency of Photosystem II 

(Fv/Fm) using a pulse amplitude-modulated fluorometer as described in previous chapter 3 

methodology section 3.2.6.4. 

The estimation of lipid content was conducted by the use of the Nile red fluorescent 

technique, as described in previous chapter 3 methodology section 3.2.6.5. 

 

5.2.6 Nutrient and CO2 fixation and utilization 

To analyses the nitrate and phosphate, 1 mL volume of the sample was centrifuged at 

10,000 rpm for 10 minutes. The resulting supernatant containing the cells was collected and 

used for chemical assays. Nitrate estimation was conducted using the salicylic acid method 

with sodium nitrate as the standard [316]. Phosphate quantification was performed using the 

ascorbic acid method with dipotassium phosphate as the standard [317]. Michaelis-Menten 

kinetics model employed to evaluate the impact of initial nitrogen concentration on the rate of 

nitrogen consumption by Eq. 5.4. Nutrient removal and fixation rate (mmol/L day-1) were 

determined by Eqs.5.5 and 5.6 [318].  Carbon and nitrogen fixation rate (mmol/L day-1) 

measured on the basis of elemental basis of carbon and nitrogen content in biomass (% w/w).  
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The carbon and nitrogen content in dry biomass were measured using a CHNS analyzer, by the 

Perkin Elmer elementary analyzer, PE-2400, series. 

𝑉 =
𝑉௠௔௫ × [𝑆௜]

𝐾௠ + [𝑆௜]
 

  

(5.4) 

𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑢𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =
𝑆௜ − 𝑆௙

𝑡௙ − 𝑡௜
 

  

(5.5) 

𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑓𝑖𝑥𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =
(𝑋௙ × 𝐸௙ −  𝑋௜ × 𝐸௜) 

𝑡 × 𝑀ா  
× 1000 

  

(5.6) 

where, V and Vmax represent specific rate consumption rate and maximum specific rate 

consumption of nitrogen (mmol/g DCW day-1), Sf and Si (mg/L) represent the finial and initial 

cell concentration of nitrogen and phosphorus at time of harvesting tf and initial day of 

inoculation ti.; Ef , Ei, and ME  represents the final and initial carbon and  nitrogen content 

(%w/w) and their  respective molecular weight . 

The CO2 capture capability was assessed by measuring the rate of CO2 fixation (mg/L 

day-1) and the efficiency of utilization (%) using elemental carbon analysis of biomass, as 

explained in the previous part of chapter 3 methodology section 3.7 and 3.8. The cellular C/N 

ratio indicates the ratio of carbon to nitrogen in the biomass (mol/mol). 

𝐶𝑒𝑙𝑙𝑢𝑙𝑎𝑟 𝐶 𝑁⁄  𝑟𝑎𝑡𝑖𝑜 =
𝐶 𝑀஼⁄

𝑁 𝑀ே⁄
 

(5.7) 

Eq.5.7 defines the C and N as the concentrations (g) of total carbon and nitrogen 

biomass growth (g/L), respectively. The variable MC and   MN represents the molecular mass 

of carbon and nitrogen. 

 

5.3 Results and Discussion 

5.3.1 Influence of initial nitrogen concentration on growth 

The study demonstrates a strong association between nitrate concentration and the 

growth of microalgae M. pusillum. Figure. 5.2A depicts the influence of nitrogen levels, 

specifically in the presence of 15% CO2. Linear cell growth patterns in KMC8 cultures indicate 
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nitrogen limitation, particularly when initial nitrate concentrations are restricted. During the 

phase of mid-exponential development, the nitrogen concentrations of 2x (35.3 mmol/L) and 

4x (70.6 mmol/L) were found to be comparable to those of the control BG-11 medium 

(1x=17.65 mmol/L). The control group achieved a biomass of 1.6 g L-1. Doubling the nitrogen 

concentration led to a 12.5% rise in biomass growth, reaching a concentration of 1.8 g L-1. A 

fourfold increase in nitrogen extended the exponential growth phase by three days, resulting in 

a 28.78% increase in growth to reach 2.06 g L-1. The biomass productivity showed an increase 

from 107 mg L-1 day-1 under x conditions to 128 mg L-1 day-1 in 2x. It further reached 140 mg 

L-1 day-1 under 4x conditions, with enhancements of 19.25% (2x) and 30.34% (4x) compared 

to the control (x) (Figure. 5.3B). The specific growth rates showed a consistent pattern of 

increase, ranging from 0.19 day-1 to 0.23 day-1, in relation to nitrogen concentration. Growth 

performance declined under nitrogen-deprived conditions of 8.83 mmol L-1 (0.5x) and 4.42 

mmol L-1 (0.25x). The biomass productivity decreased by 18% to 88 mg L-1 day-1 when 

exposed to 0.5x nitrogen concentration. 

The growth rate was measured at 0.18 day-1 and the biomass concentration reached 1.34 

g L-1. Under the 0.25x nitrogen condition, the productivity of microalgae decreased by around 

67% to 35 mg L-1 day-1. The growth rate was 0.12 day-1 and the biomass reached 0.6 g L-1. The 

microalgae showed a truncated exponential phase and a prolonged stationary phase under 

nitrogen deprivation conditions (0.5x and 0.25x). However, a significant decline in 

productivity and growth performance was observed specifically in the 0.25x nitrogen 

condition. 

Figure 5.2A shows parameters for M. pusillum derived from Logistic and Gompertz 

models. Table 5.1 shows data of KMC8 maximum growth (Xm) and specific growth rate (µ). 

Nitrogen 4x condition had significant growth, while nitrogen 2x condition had highest growth 

rate. R2 values were consistently high (0.962-0.991) across all experiments, regardless of the 

equation used (Logistic or Gompertz). Highly significant Monod kinetic model with R2 =0.99 

also proves the significant effect of nitrogen on growth rate (Figure. 5.3C). The culture with 

no nitrogen did not show any growth and the culture become pale yellow in color so no further 

analysis was study further by normal observation culture. Upon general observation, the culture 

appeared to be nonviable. 
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Fig. 5.2. Growth and photosynthetic performance of M. pusillum at five nitrogen 
concentrations. (A) Dynamic growth profile modelled applying Logistic and Gompertz models. 
(B) Fv/Fm and photosynthetic pigment data. Error bars depict the standard deviation of n=2 
biological replicates. Asterisks indicate significant differences between the control (Nx = 1.76 
mmol/L) and the other concentrations, as determined by one-way ANOVA (Tukey's method). 
Significance in growth conditions is denoted by different symbols: no asterisk (p = 0), single 
asterisk (* p < 0.05), double asterisk (** 0.05 < p < 0.5), and triple asterisk (*** 0.5 < p < 
1.0) 

 

 

TH-3503_176151004



Chapter 5 

 

122 

Table 5.1. Model of M.pusillum's kinetic growth at five different nitrogen concentrations in a 

500 ml reagent bottle. 

Experimental 
condition  

Model  Xi 

(g/L) 
Xmax 

(g/L) 
µ 
(day-1) 

R2 

N concentration 
(x=17.3mmol/L) 

     

N(0.25x) Logistic  0.06 0.72 0.308 0.971 
Gompertz 0.05 0.91 0.149 0.962 

N(0.5x) Logistic  0.07 1.62 0.312 0.975 
Gompertz 0.05 2.56 0.122 0.969 

N(x) Logistic  0.12 1.75 0.360 0.989 
Gompertz 0.06 2.04 0.192 0.987 

N(2x) Logistic  0.13 1.86 0.392 0.990 
Gompertz 0.07 2.04 0.228 0.989 

N(4x) Logistic  0.17 2.19 0.354 0.988 
Gompertz 0.10 2.47 0.200 0.991 

 

5.3.2 Photosynthetic nitrogen deprivation and lipid productivity 

The initial availability of nitrogen has a significant impact on photosynthesis, nitrogen 

assimilation, and lipid accumulation. This has been shown through various experimental and 

model-based studies. As seen clearly from Figure. 5.3C and Figure. 5.3D both the Michaelis-

Menten and Monod kinetics models highlight the significance of adequate nitrogen supply both 

on growth and nitrogen consumption with R2 value of 0.99. The Monod model specifically 

indicates a half-saturation value (Km) of 3.35 mmol L-1 (Figure. 5.3D). The Michaelis-Menten 

equation (Figure. 5.3C) illustrates the impact of nitrogen on the specific nitrogen consumption 

rate, with a Km value of 45.45 mmol L-1. Nitrogen deficiency was observed in the control and 

low nitrogen conditions, with concentrations of 17.65 mmol L-1, 8.83 mmol L-1, and 4.42 mmol 

L-1 on different days. This deficiency had an impact on cellular processes. The quantum yield 

of photosystem II was reduced under extended nitrogen deprivation, as indicated by quantum 

values of 0.51 and 0.57 at low nitrogen levels 8.83 and 4.42 mmol L-1 (Figure. 5.2B). Higher 

nitrogen concentrations (17.6, 35.3, and 70.6 mmol/L) resulted in improved photosynthetic 

performance, as evidenced by increased chlorophyll content and a peak quantum value of 0.67, 

especially at 70.6 mmol L-1. Increased nitrogen levels resulted in a decrease in carotenoid and 

lipid concentrations, as shown in Figure. 5.2B and 5.3B. The lipid content was found to be 

9.84% and 7.87% (w/w of DCW) in the 2x and 4x conditions, respectively. The lipid 
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productivity rates observed were 12.68 mg L-1 day-1 and 11.52 mg L-1 day-1, which were not 

significantly different from the control conditions (12.14% lipid content and 12.48 mg/L day-1 

lipid productivity). Nitrogen deprivation at concentrations of 8.83 and 4.42 mmol L-1 resulted 

in a significant increase in lipid productivity. Specifically, at 8.83 mmol L-1, lipid content 

reached 22.4% and productivity reached 18.62 mg L-1 day-1. At a concentration of 4.42 mmol 

L-1, the lipid content reached 26%, but the growth of biomass was reduced, resulting in a 50% 

decrease in lipid productivity. This reduction was caused by a shortened exponential growth 

phase, as shown in Figure. 5.2A. The study indicates that lipid productivity can be increased 

by combining nitrogen limitation and short-term starvation conditions. Insufficient nitrogen 

levels 4.42 mmol L-1 can impede biomass growth and subsequently impact lipid productivity. 

The nitrogen supply has a critical role in maintaining the buffering capacity of a 

microalgal culture, which is essential for increasing the accessibility of inorganic carbon [62]. 

The results of our study are consistent with prior research, indicating that a continuous supply 

of nitrogen is crucial for achieving the best buffering capacity, which in turn enhances the 

growth of microalgae and their effectiveness in photosynthesis [79]. On the other hand, if 

nitrogen deprivation is protracted, it will have a detrimental effect on the culture's ability to 

resist changes in acidity, leading to a decrease in growth and efficiency of photosynthesis. This 

state results in the buildup of carbon-rich reserve compounds, deterioration of the 

photosynthetic system, and the development of pyrenoid structures. These observations 

emphasize the intricate equilibrium necessary to provide a continuous supply of nitrogen that 

can meet the metabolic needs of microalgae, affecting crucial physiological processes and 

cellular architecture [277]. 
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Fig. 5.3. (A) Residual nitrogen concentration under five nitrogen levels with Nx as the control. 
(B) Biomass and lipid productivity, with lipid content. Asterisks denote significant differences 
from the control (Nx = 1.76 mmol/L) using one-way ANOVA (Tukey's method) for biomass 
and lipid productivity. Comparison of experimental and simulated data for (C) Michaelis-
Menton and (D) Monod model, displaying Km values. 

 

5.3.3 Nitrogen dual role in pH regulation and CO2 assimilation 

The box and whisker plot in Figure. 5.4B illustrate pH fluctuations in microalgae 

cultivation at varying nitrogen concentrations. Significant pH variations are observed in the 

control, 2x, and 4x conditions, with a larger range between the first and third quartiles 

suggesting alkaline tendencies (pH > 6.8). The role of nitrate in pH regulation is consistent 

with previous studies (Cabello et al., 2015; Solovchenko et al., 2016a; Young and Beardall, 

2005). Nitrate-based nitrogen alkalization involves the incorporation of hydrogen through 

proton exchange during nitrogen assimilation, achieving charge neutrality by substituting 

cations [205]. The average pH levels consistently surpass 6.8 in all three nitrogen conditions, 

with a slight elevation above 7 in the 4x condition. The condition of 0.5x maintains a stable pH 
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level between 6 and 5.2. In contrast, the condition with a 0.25x concentration shows a small 

range between the first and third quartiles and a high degree of variability in pH, indicating a 

tendency towards acidity. The decrease in pH (below 6) observed in the 0.5x and 0.25x 

conditions can be attributed to a depletion of nitrogen. Nitrogen availability and fixation are 

important factors in regulating CO2 dissolution and the availability of inorganic carbon for 

microalgae growth [62]. Resilience could be associated with nitrogen depletion, which 

temporarily interrupts buffering mechanisms involved in nitrogen assimilation, as discuss in 

above section 5.3.2. 

This study evaluates the ability of microalgae to utilize CO2 by measuring the amount 

of carbon fixed in biomass and the rate at which CO2 is incorporated. The carbon dioxide 

utilization efficiency of M. pusillum increased over a 15-day maturation period with increased 

nitrogen concentration from 4.42 to 70.6 mmol L-1. The values showed a rise from 0.65% to 

2.27%, along with CO2 fixation rates ranging from 70.6 to 250.4 mg L-1 day-1 (Figure. 5.4A). 

Elevated nitrate levels are expected to enhance the pH buffering capacity of the medium, 

leading to a more neutral or alkaline pH. The impact of nitrogen addition on pH levels offers 

valuable information on the dissolution of CO2 and the reduction of accumulation of carbonic 

acid in culture media [42]. 

The study demonstrates an increase in nitrogen concentration, as indicated by Figure. 

5.4A and Figure. 5.4B, which show a rise in pH. The notable rise in nitrogen content is strongly 

linked to a substantial improvement in the ability to mitigate CO2, primarily due to the nitrogen-

based buffering mechanism. This is because the assimilation of nitrogen by microalgae directly 

affects the dynamics of CO2 [62]. The impact is particularly notable at 2x and 4x levels, 

resulting in a 1.8 and 2-fold increase in CO2 mitigation potential, specifically in terms of 

fixation and utilization value, compared to the control. 
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Fig. 5.4. (A) CO2 fixation rate and utilization efficiency under five nitrogen concentrations, 
with Nx as the control. (B) Box and whisker plot illustrating the distribution of pH values. The 
central box represents the interquartile range (IQR), with the median indicated by the line 
inside. Whiskers extend to the minimum and maximum values, while data points beyond the 
whiskers are considered outliers. (C) Total organic carbon concentration in the media. 
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5.3.4 Relationship between photosynthetic carbon and nitrogen fixation with initial 

nitrogen availability 

This study explores the impact of nitrogen treatment on carbon and nitrogen fixation 

rates and the elemental content of carbon and nitrogen in KMC8 biomass. It sheds light on the 

intricate relationship between nitrogen availability and the balance of carbon and nitrogen 

dynamics in biomass. Increasing nitrogen concentration from 4.42 to 70.6 mmol L-1 in the 

medium reduced carbon content in the biomass from 53.34% to 48.89% DCW with a negative 

linear relationship (R2=0.78, p=0.023). Conversely, nitrogen content increased from 4.12% to 

7.25% DCW with a positive relationship (R2=0.80, p=0.03) (Figure. 5.5A and Figure. 5.5C). 

These findings align with previous studies emphasizing nitrogen's role in microalgae 

proliferation and CO2 sequestration via photosynthesis [80,113,209,210]. The augmentation of 

nitrogen content in the medium resulted in a significant increase in the rates of both carbon and 

nitrogen fixation. The observed augmentation had a hyperbolic trajectory, specifically linked 

to the phase of stationary, when nitrogen contents were elevated. The correlation between 

nitrogen concentration (mmol/L) and carbon fixation rate (mmol/L day-1) had an R2 value of 

0.92, while the nitrogen fixation rate exhibited a very significant association with an R2 value 

of 0.96 (see Figure. 5.5B and Figure. 5.5D). This suggests an optimal nitrogen concentration 

range for efficient assimilation of both nitrogen and carbon, promoting biomass growth. 

Increasing nitrogen concentrations from 4.42 to 8.85, and 17.65 mmol L-1 corresponded to 

increased nitrogen and carbon biomass fixation, with carbon fixation rates of 5.05, 11.79, and 

15.4 mmol L-1 day-1, respectively. In contrast, elevated nitrogen concentrations (35.3 and 70.6 

mmol/L) did not result in significant increases, with rates of 16.5 and 17.65 mmol L-1 day-1, 

showing only a 7.12% and 18% rise compared to the control (17.65 mmol/L nitrogen). 

However, under nitrogen-limiting conditions (0.25x and 0.5x), carbon fixation rate decreased 

significantly by 67.15% and 23.52%, respectively. Assimilation of nitrogen followed a 

predictable pattern, with a higher correlation between nitrogen availability and fixation in 

biomass than with carbon. Increasing nitrogen from 4.42 to 8.85 mmol L-1 led to a threefold 

increase in nitrogen fixation rate, rising from 0.08 to 0.24 mmol L-1 day-1. At 17.65 mmol L-1, 

the rate doubled to 0.45 mmol L-1 day-1. Slight increase of 1.12-fold and 1.18-fold occurred at 

35.3 and 70.6 mmol L-1, corresponding to 0.55 and 0.64 mmol L-1 day-1, respectively. The study 

highlights the delicate balance between cellular nitrogen levels, primarily through protein 

breakdown, and carbon biomass accumulation, particularly lipid synthesis. The complex 

interaction between nitrogen availability has a substantial impact on important biological 
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processes in microalgae, which is assisted by mechanisms that fix nitrogen [319,320]. The 

observations made indicate that microalgae may have limitations in their ability to absorb 

excessive amounts of nitrogen, showing a subtle feature. Significantly, residual nitrogen levels 

of 40% and 20% remain in the growth medium when nitrogen concentrations are four times 

and two times higher than the standard, respectively. This suggests that variables other than the 

availability of nitrogen, such as the availability of light or interactions with other nutrients, may 

play a role in restricting the efficient conversion of carbon and nitrogen into biomass [321]. 

 

Y = -0.05864*X + 52.52

Y = 0.04409*X + 4.530

 

 

Fig. 5.5. (A) Carbon content & (B) carbon fixation rate as a function of five nitrogen 
concentrations. The light blue area shows the 95% confidence interval. (C) Nitrogen content 
& (D) nitrogen fixation rates as a function of nitrogen concentration. The graph shows the 
results of linear and nonlinear regression analyses (R2) of carbon and nitrogen content and 
fixation rates. 
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5.3.5 Influence of initial nitrogen on organic carbon excretion 

An increase in the initial nitrogen concentration resulted in a decrease in the levels of 

total organic carbon (TOC) with value of 13.67 < 16.9 < 24.12 < 68.55 < 112.5 mg L-1 at the 

concentrations 70.6, 35.3, 17.65, 8.85 and 4.42 mmol L-1. This observation implies that the 

availability of nitrogen is crucial in controlling the excretion of organic carbon by microalgae. 

The levels of total organic carbon (TOC) exhibited an increase under low nitrogen conditions 

during a 15-day incubation period. This finding suggests a prolonged response to nitrogen 

limitation and depletion, wherein carbon assimilation through photosynthesis surpasses 

nitrogen assimilation. This imbalance leads to the accumulation of carbon compounds, such as 

lipids, as indicated in the aforementioned results, resulting in an excess of organic carbon [322]. 

During a cultivation period of 15 days, the microalgae experienced nitrogen starvation 

conditions on the fifth and eighth days, with concentrations of 8.85 and 4.42 mmol L-1, 

respectively as discussed in section 5.3.2. When the microalgae were subjected to higher 

nitrogen concentrations (35.3 and 70.6 mmol/L), the total organic carbon levels dropped, since 

there was no nitrogen restriction condition in the 15-day batch. Ample nitrogen likely 

decreased the requirement for excessive organic carbon release, resulting in a more controlled 

carbon-nitrogen balance and fixation in response to elevated CO2 levels. 

Our next study will examine the impact of light intensity, phosphorus levels (control 

and high), and optimized nitrogen content (70.6 mmol/L) on the growth of microalgae. The 

used methodology employed a strategy of beginning with an elevated level of luminosity 

initially (Strategy I), while the other choice Strategy II included gradually increasing it. The 

research examined differences in the reduction of CO2, the generation of biomass and lipids, 

and the release of organic carbon over three specific time intervals: 0-4 days (lag phase), 4-12 

days (middle log phase), and 12-20 days (late log to stationary phase). The intervals were 

derived from nitrogen batch tests, as outlined in Section 5.3.1 and from Figure 5.2. 

 

5.3.6 Strategy I - Initial high light condition 

5.3.6.1. Initial high light intensity effect on biomass and lipid productivity 

The simulation data of the Logistic and Gompertz models, showed a high degree of 

correlation (R2 = 0.99) between phosphate concentrations and the proliferation of cells (Figure. 

5.6A). The findings of the experiment indicate that the final biomass is greater in the presence 

of a phosphorus concentration of 2.3 mmol L-1, with recorded values of 2.87 and 2.42 g L-1 in 
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the 0.23 mmol L-1 phosphorus condition. Additionally, both the Logistic and Gompertz models 

demonstrate maximum growth (Xm) and specific growth rate (µ) in high phosphorus, as shown 

in Table 5.2. The higher phosphorus concentration (P10x, 2.3 mmol/l) led to significant 

enhancements in biomass and lipid productivity, in comparison to the lower or control 

phosphorus concentration (0.23 mmol/L). Increasing the phosphorus concentration from 0.23 

to 2.3 mmol L-1 leads to a 20.15% increase in biomass productivity. The biomass productivity 

values change from 115 to 138 mg L-1 day-1.  This increase highlights the importance of 

adequate phosphorus availability in promoting greater biomass production, with enhancement 

of nitrogen utilization (Figure. 5.6B). The lipid productivity demonstrates a notable rise of 

around 30.6% with an increase in phosphorus concentration from 0.23 mmol L-1 to 2.3 mmol 

L-1. The lipid productivity values increase from 26.3 to 34.34 mg L-1 day-1. Phosphorus is 

essential for regulating growth and guiding carbon allocation towards lipid synthesis. It serves 

as a limiting nutrient, particularly in situations with insufficient nitrogen [216]. This is 

demonstrated in Figure. 5.6 A, 5.6B, and 5.6C, where increased growth and lipid production 

were observed when phosphorus was present in the P10x condition during the 16-20-time 

interval of nitrogen limitation. As shown by the data presented in Table 5.3, there was a notable 

rise in the utilization of phosphorus throughout the specified period. The observed increase in 

phosphorus utilization, as outlined in Table 5.3, signifies a well-known phenomenon in 

microalgae—luxury uptake of phosphorus. This adaptive technique is most evident in 

situations where nutrient availability fluctuates, with a specific emphasis on nitrogen. Under 

such circumstances, microalgae demonstrate their ability to maintain growth and reproduction 

even in the presence of nitrogen concentrations that are below ideal levels. Phosphorus 

availability is crucial for promoting growth by helping to use nitrogen biomass inside cells, 

mainly in the form of proteins, to store more energy in vital biomolecules like lipids and 

carbohydrates. Multiple studies confirm the essential interaction between phosphorus and 

nitrogen in the dynamics of microalgal development. An example is the study conducted on 

Chlorella vulgaris, which shows that when there is a deficiency of nitrogen, an increase in 

phosphorus availability results in a significant improvement in lipid accumulation, increasing 

it from 3 to 4.2 [216,323]. Similarly, an additional study on Tetraselmis subcordiformis reveals 

a notable 57% surge in starch accumulation when phosphorus becomes available during 

nitrogen deprivation circumstances. 
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Fig. 5.6. High light intensity of 1200 µmol/m² s⁻¹ in a photobioreactor under two phosphate 
concentrations: 0.23 mmol/L (Px) and 2.3 mmol/L (P10x). (A) Dynamic growth profile 
modelled using Logistic and Gompertz model. (B) Residual nitrogen concentration and lipid 
content. (C) Residual phosphate concentration, biomass, and lipid productivity 
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5.3.6.2. Nutrient fixation, utilization rate and CO2 assimilation 

Under conditions of high light intensity (1200 µmol/m2 s−1) and controlled phosphorus 

concentration (0.23 mmol/L), microalgae exhibited moderate rates of CO2 fixation (70.03 mg/L 

day-1) and utilization efficiency (0.48%). The nitrogen and utilization rate were 0.98 and 0.04 

mmol L-1 day-1. The C/N ratio was 2.63 mol/mol and the photosynthetic efficiency was 0.51. 

Under high phosphorus conditions (23.3 mmol/L), the rate of CO2 fixation increased to 93.1 

mg L-1 day-1, with a CO2 utilization efficiency of 0.64%. The utilizations of nitrogen and 

phosphorus increased to 1.31 and 0.13 mmol L-1 day-1, respectively. The C/N ratio was 3.23 

mol/mol, and the photosynthetic efficiency was 0.56. During the mid-exponential phase (4-12 

days) period, both conditions showed a significant increase in CO2 fixation and improved CO2 

utilization efficiency by 5.2-fold increment under phosphorus control. The rate of nitrogen 

utilizations rose to 4.1 mmol L-1 day-1. Under conditions of elevated phosphorus levels, the rate 

of carbon dioxide fixation was measured 393.16 mg L-1 day-1, with an CO2 utilizations 

efficiency of 2.68%. The rate of nitrogen utilizations was 4.3 mmol L-1 day-1, while phosphorus 

utilizations was 0.18 mmol L-1 day-1. During the 12-20 days period, there was a decrease in 

CO2 fixation, specifically in the control phosphorus condition, with a reduced utilization 

efficiency of 0.96%. The nitrogen utilization rate rose to 3.18 mmol L-1 day-1, while high light 

and phosphorus levels resulted in a CO2 fixation rate of 215.34 mg L-1 day-1, with an efficiency 

of 1.67%. Nitrogen utilizations remained high at a rate of 3 mmol L-1 day-1, whereas phosphorus 

utilizations decreased to 0.04 mmol L-1 day-1. 

Over the course of the first four-day period, microalgae displayed diverse and distinct 

reactions. The experimental manipulation of phosphorus levels resulted in a modest degree of 

carbon dioxide fixation and an inadequate efficiency of utilization, which may be attributed to 

potential limitations in both carbon and nitrogen fixation processes (Figure.5.8B[i] and [ii]). 

Nevertheless, the heightened accessibility of phosphorus, in conjunction with optimal light 

circumstances, resulted in an augmentation of carbon dioxide fixation and utilization, 

ultimately resulting to an enhancement in the efficiency of carbon and nitrogen fixation in 

biomass. The combined presence of these factors contributed to the enhanced efficacy of 

carbon dioxide (CO2) mitigation within the designated time frame of 4-12 days, hence 

facilitating growth. Over the course of the last 12-20 days, there has been a decrease in the 

efficiency of CO2 fixation and utilization as a result of nutritional depletion. However, the loss 

was counteracted by the presence of elevated phosphorus levels, which served to continue the 

processes of carbon and nitrogen fixation. It is worth noting that there was a rise in nitrogen 
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utilization, although phosphorus utilization remained restricted, thus highlighting the 

importance of nitrogen in the processes of photosynthesis and carbon assimilation. The 

presence of an excess of phosphorus was seen to contribute to the continuing keeping of a 

balanced carbon-to-nitrogen ratio and little loss of photosynthetic efficiency (Figure. 5.8B[ii]). 

 

Table 5.2. Model of the kinetic growth of M.pusillum under four distinct cultivation 
concentrations in a 2L photobioreactor. 

High light intensity (1200 µmol m−2 s−1) 
P concentration  
(x=0.23mmol/L) 

Model  Xi (g/L) Xmax 

(g/L) 
µ 
(day-1) 

R2 

P(x) Logistic  0.05 2.36 0.415 0.997 
Gompertz 0.001 2.51 0.250 0.996 

P(10X) Logistic  0.07 2.82 0.384 0.995 
Gompertz 0.01 3.03 0.228 0.996 

Gradual light intensity (from150 to 1200 µmol m−2 s−1) 
P(x) Logistic  0.22 4.56 0.298 0.994 

Gompertz 0.08 5.25 0.160 0.994 
P(10x) Logistic  0.25 5.57 0.281 0.992 

Gompertz 0.09 6.59 0.147 0.995 

 

5.3.7 Strategy II - Gradual intensification of light 

5.3.7.1. Gradual intensification of light effect on biomass and lipid productivity 

Cell growth is significantly higher at higher phosphorus concentrations (2.3 mmol/L) 

compared to lower concentrations (0.23 mmol/L). Under the condition of 2.3 mmol L-1 

phosphorus, the cell population showed substantial growth, reaching 5.21 g L-1 in 20 days. In 

contrast, cell growth was significantly lower under the 0.23 mmol L-1 phosphorus condition, 

reaching a maximum of 4.46 g L-1. Increasing the phosphorus concentration from 0.23 mmol 

L-1 to 2.3 mmol L-1 results in a 17.49% increase in biomass productivity, rising from 217 mg 

L-1 day-1 to 255 mg L-1 day-1. Additionally, there has been a substantial 38.44% increase in 

lipid productivity, rising from 61.18 mg L-1 day-1 to 84.76 mg L-1 day-1 (Figure. 5.7 A & C). 

The progressive increase in light intensity observed significantly contributed to the 

enhancement of both biomass and lipid productivity. Previous research corroborates the idea 

that a deliberate increase in the intensity of light has a positive impact on microalgae by 

enhancing their photosynthetic activity. This optimization method facilitates the adaptation of 
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microalgae to different light conditions, hence minimizing photoinhibition and optimizing the 

use of light energy for photosynthesis [243,324]. Furthermore, the combination of high 

phosphate feeding and the steady increase in light intensity in this study resulted in a synergistic 

impact on both biomass and lipid output. The implementation of this co-interaction technique 

resulted in a simultaneous increase in production, highlighting the significance of considering 

several elements such as light availability and nutrient feeding in the culture of microalgae. 

The data in Table 5.2 supports the correlation between growth and phosphorus availability. 

Both the Logistic and Gompertz models highlighted the influence of phosphorus availability 

on maximum growth (Xm) and specific growth rate (µ) for cellular growth. The R2 value 

consistently exhibited a robust correlation of 0.99 throughout all four experimental 

circumstances, including Strategy I (as described in Section 5.3.6.1) and Strategy II at both 

high and low phosphorus concentrations. 
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Fig. 5.7. Gradual intensification of light from 150 to 1200 µmol/m² s⁻¹ in a photobioreactor 
under two phosphate concentrations: 0.23 mmol/L (Px) and 2.3 mmol/L (P10x). (A) Dynamic 
growth profile modelled using Logistic and Gompertz model (B) Residual nitrogen 
concentration and lipid content. (C) Residual phosphate concentration, biomass, and lipid 
productivity 
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5.3.7.2. Nutrient fixation, utilization rate and CO2 assimilation 

During the first 0-4 days, microalgae exhibited distinct responses to different 

phosphorus conditions and increasing light intensity. Under conditions of low phosphorus 

concentration (0.23 mmol/L), displayed a moderate rate of CO2 fixation (220.56 mg/L day-1) 

and a CO2 utilization efficiency of 1.5%. The rates of nitrogen and phosphorus utilizations 

were 1.56 and 0.04 mmol L-1 day-1, respectively. High phosphorus conditions resulted in a 

higher CO2 fixation rate of 239.58 mg L-1 day-1 and 3.25% utilization efficiency, with nitrogen 

and phosphorus utilization rates of 1.90 and 0.12 mmol L-1 day-1, respectively. Microalgae 

exhibited increased CO2 fixation rate (526.4 mg/L day-1) and utilizations efficiency (3.6%) 

under controlled phosphorus conditions within 4-12 days. They also showed elevated nitrogen 

utilization (3.83 mmol/L day-1) but limited phosphorus utilization, suggesting phosphorus 

starvation. Under high phosphorus conditions, there was a significant increase in the rate of 

CO2 fixation (582.33 mg/L day-1) and a utilization efficiency of 3.97%. Nitrogen utilization 

was observed at a rate of 4.2 mmol L-1 day-1, while phosphorus utilization occurred at a rate of 

0.20 mmol L-1 day-1. During the last 12-20 days, microalgae grown under controlled 

phosphorus conditions showed a decrease in CO2 fixation (368.08 mg/L day-1) and a decrease 

in utilization efficiency (2.51%), while nitrogen utilization increased (3.16 mmol/L day-1). 

Under high phosphorus conditions, there was a decrease in nutrient and CO2 uptake 

performance, but not a significant loss compared to the control phosphorus condition. The rate 

of CO2 fixation was 503.67 mg L-1 d-1, with a utilization efficiency of 3.43%. Nitrogen 

utilization decreased to 2.9 mmol L-1 day-1, while phosphorus utilization remained stable at 

0.03 mmol L-1 day-1. Furthermore, the C/N ratios increased significantly from 3.24 to 20.47 

mol/mol, primarily as a result of the substantial buildup of carbon biomass and the degradation 

of nitrogenous biomass. In conditions of low phosphorus, the C/N ratio reached 9.67 mol/mol. 

Microalgae utilize nutrient conservation strategies to adapt to phosphorus scarcity. 

High phosphorus levels stimulate the growth and increase carbon dioxide fixation. The 4-12-

day period has the highest CO2 fixation efficiency because of increased growth and greater 

nitrogen demands caused by highly efficient nitrogen fixation in biomass (Figure. 5.8A). Low 

phosphorus concentrations are associated with reduced carbon fixation, showing a connection 

between the availability of phosphorus for growth and nitrogen fixation, which in turn affect 

CO2 mitigation (Figure. 5.8A[i]). CO2 fixation patterns change during late exponential and 

stationary phases, indicating sustained growth. A notable improvement in carbon and nitrogen 

fixation occurs with the gradual increase in light feeding, especially in high phosphate 
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conditions. This is supported by a rise in the C/N ratio and the capacity to sustain efficient CO2 

fixation even when nitrogen is limited (Figure. 5.8A[ii]). The results of the research underscore 

the significant impact of light availability and phosphorus levels on carbon fixation and its 

allocation towards lipid formation. This, in turn, enhances the quality of biomass for bioenergy 

generation. As demonstrated in Figure. 5.8A and B, a gradual increase in light intensity 

enhances the acclimation capacity of the microalgal culture by facilitating carbon and nitrogen 

fixation in the biomass. This effect is observed in comparison to the application of high light 

intensity from the outset. Maintaining a proper carbon-to-nitrogen (C/N) balance is particularly 

crucial in conditions of high phosphorus concentration. This indicates that both phosphorus 

availability and light intensity are critical factors under nitrogen-limited conditions, as they 

modulate the intracellular C/N balance. This modulation supports photosynthesis and enhances 

the accumulation of carbon energy molecules in the biomass. 

 

 

 

Fig. 5.8. (A) Gradual intensification of light (GL) in two phosphate concentration carbon and 
Nitrogen fixation with C/N ratio in a photobioreactor (i) GL-Px (0.23mmol/L) & (ii) GL-P10x 

(2.3 mmol/L) (B) High light intensity (HL) in two phosphate concentration carbon and 
Nitrogen fixation with C/N ratio (i) HL-Px (ii) HL-P10x 
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5.3.8 Phosphorus and light conditions impact on organic carbon secretion in media 

In Strategy I, with a high initial light intensity of 1200 µmol m−2 s−1, the total organic 

carbon (TOC) content increased significantly. It ranged from 21.32 to 138.63 mg L-1, with a 

consistent secretion rate of 7 mg L-1 day-1 in the final 16 days. In the group that had phosphorus 

control (0.23 mmol/L), the TOC values were higher, ranging from 26.67 to 162.34 mg L-1. The 

secretion rate reached 9.24 mg L-1 day-1 in the last 8 days. Increased light exposure was 

observed to promote the production of organic compounds, which may act as a protective 

response to external stressors. 

Strategy II resulted in a small decrease in organic carbon secretion. Organic carbon 

secretion showed a significant increase from 14.23 to 70.6 mg L-1 under controlled phosphorus 

conditions (0.23 mmol/L). However, under excess phosphorus (2.3 mmol/L), the range of 

organic carbon secretion was narrower, ranging from 12.13 to 54.45 mg L-1. The secretion rate 

declined during the exponential phase, dropping to 3.56 to 2.91 mg L-1 day-1 in the control 

phosphorus condition and 3.05 to 1.43 mg L-1 day-1 in the excess phosphorus condition. Excess 

phosphorus significantly influenced the secretion rate, with a value of 3.86 mg L-1 day-1. In 

contrast, under low phosphorus conditions, the secretion rate increased to 4.13 mg L-1 day-1 

between days 12 and 20. 

These findings highlight the impact of phosphorus and light intensity on the release of 

extracellular organic carbon. Phosphorus is essential for cellular energy transfer and storage, 

as well as for nutrient uptake, storage, and utilization [325]. This phenomenon has the potential 

to disturb the equilibrium between organic carbon excretion and intracellular nitrogen 

metabolism, which may result in a decrease in the outward flow of carbon from the cell [326]. 

Nitrogen remobilization, or recycling, is a significant phenomenon in which microalgae break 

down proteins to release nitrogen for metabolic pathways that result in carbon-neutral storage 

compounds [213]. Phosphorus and light intensity have significant effects on the excretion of 

extracellular organic carbon, indicating their importance in microalgal metabolism and 

adaptation. 
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Table 5.3: Evaluation of CO2 bio-mitigation, nitrogen and phosphate utilization rate and 
dissolve organic carbon concentration and secretion rate of M.pusillum  in different cultivation 
condition  

 

5.3.9 Acclimatized high cell density repeated fed batch strategy for CO2 bio-mitigation 

and lipid productivity in reused media performance study 

5.3.9.1 Performance and stability in biomass and lipid productivity 

A noticeable pattern was observed in biomass productivity (Figure. 5.9A). In Cycle 1, 

it was found that fresh media had higher biomass productivity compared to reused media. The 

difference was approximately 13.6%, with biomass productivity decreasing from 0.65 to 0.56 

High light intensity  
(1200 µmol m−2 s−1) 
 

Px 

Time interval (days) 

 P10x 

Time intervals (days) 
0-4  4-12 12-20  0-4 4-12 12-20 

CO2 fixation rate 
(mg/L day-1) 

70.03 361.5 140.5  93.1 393.16 215.34 

CO2 utilization efficiency 
(%) 

0.48 2.46 0.96  0.64 2.68 1.67 

N utilization rate 
(mmol/L day-1) 

0.98 4.13 3.18  1.31 4.29 2.99 

P utilization rate 
(mmol/L day-1)  

0.04 0 0  0.13 0.18 0.04 

DOC concertation  
(mg/L) 

26.67 88.47 162.34  21.32 78.12 138.63 

DOC secretion rate  
(mg/L day-1) 

6.67 7.73 9.24  5.33 7.1 7.56 

Gradual light intensity 
(150-1200 µmol m−2 s−1) 

       

CO2 fixation rate 
(mg L-1/day) 

220.56 
 

526.4 
 

368.08 
 

 239.58 582.33 503.67 

CO2 utilization efficiency 
(%) 

1.5 3.59 2.51  1.63 3.97 3.43 

N utilization rate 
(mmol/L day-1) 

1.56 3.83 3.16  1.90 4.20 2.90 

P utilization rate 
(mmol/L day-1) 

0.04 0 0  0.12 0.20 0.03 

DOC concertation  
(mg/L) 

14.23 37.45 70.45  12.13 23.51 54.45 

DOC secretion rate  
(mg/L day-1) 

3.56 2.91 4.13  3.05 1.43 3.86 
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g L-1 day-1. This decrease corresponded to a decrease in specific growth rate from 0.147 to 

0.134 day-1. The advantage of fresh media lies in its provision of optimal nutrients and 

conducive growth conditions. The biomass productivity between fresh and recycled media 

showed periodic fluctuations as the cycles progressed. The disparity decreased in Cycle 2, 

going from 0.66 to 0.62 g L-1 day-1 (specific growth rate of 0.150 and 0.144 day-1), resulting in 

a reduction of about 6.1%. In Cycle 3, the gap observed a rise, reaching around 14.5%. The 

disparity between the values of 0.56 and 0.54 g L-1 day-1 decreased to approximately 2.8% by 

the end of Cycle 4. Additionally, both conditions exhibited a similar specific growth rate of 

0.11 day-1. This decrease in growth performance can be attributed to the longer cultivation 

period of 10 days instead of 7. Observed variations suggest that microalgae may adapt or 

change in response to the conditions of using media repeatedly. 

Regarding lipid productivity, the utilization of recycled media presented a benefit, 

showing an approximate 23% enhancement in average lipid productivity compared to the 

utilization of new media, with respective values of 0.13 and 0.16 g L-1 day-1 in fresh and reused 

media. The observed enhancement may be attributed to the heightened accumulation of lipid 

content inside the microalgae, (Figure. 5.10A). This accumulation ranged from 25% to 31% in 

reused media and from 20% to 22% in fresh media. The observed rise in lipid content can be 

ascribed to multiple factors, such as the potential activation of stress responses or the 

microalgae's ability to efficiently utilize external organic carbon nutrients. 

 

5.3.9.2 Performance and stability in CO2 capture  

In the initial cycle, it was found that the fresh and reused media had similar rates of 

CO2 fixation of 1.23 and 1.2 g L-1 day-1 and utilization efficiency (7.2% and 8.3%) 

(Figure.5.10B). This indicates a consistent level of metabolic activity. Nevertheless, as the 

cycles advanced, it became apparent that there was a divergence in the rates of CO2 fixation 

and the efficiency of its utilization. The findings from cycles 2 and 3 showed that fresh media 

had higher rates of CO2 fixation and utilization efficiency compared to reused media. There 

was a 5% decrease in CO2 fixation rate in reused media, from 1.28 to 1.17 g L-1 day-1, and CO2 

utilization efficiency from 8.71% to 8.2% in cycle 2. In cycle 3, there was a 13% decrease in 

CO2 fixation rate, from 1.28 to 1.03 g L-1 day-1, and a decrease in utilization efficiency from 

8.73% to 7.45%. During Cycle 4, a convergence occurred where both fresh and reused media 

showed a decrease in CO2 fixation rates. The rates were 1.1 g L-1 day-1 in fresh media and 0.98 
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g L-1 day-1 in reused media. The utilization efficiency was 7.5% in fresh media and 7.12% in 

reused media. This decline may suggest the establishment of an equilibrium between metabolic 

demands and nutrient availability, potentially influenced by extending the duration of the last 

cycle from 7 to 10 days. 

 

5.3.9.3 Organic carbon exertion 

The TOC levels in reused media showed interesting and informative patterns during the 

cycling process (Figure. 5.9C). During the initial cycle, there was a noticeable increase in total 

organic carbon (TOC) levels in the reused media, suggesting a possible buildup of organic 

carbon. The increase was significant, with a percentage increment of 41%, as values changed 

from 19.23 to 27.12 mg L-1 in fresh and reused media. This disparity became more pronounced 

in subsequent cycles. During the 2 and 3 cycles, the levels of TOC increased significantly in 

the reused media. In contrast, the TOC levels in fresh media remained relatively stable, with 

values of 21.12 and 23.63 mg L-1 respectively. The increase in TOC levels for recycled media 

in these cycles was significant, with increases of 233% and 279%, corresponding to values of 

70.6 and 89.67 mg L-1, respectively. The last cycle exhibited a modest 17% rise in reused 

media, with the TOC levels reaching 143.16 mg L-1 in fresh media and 167.40 mg L-1 in reused 

media. The higher excretion of organic carbon can be explained by longer phases in the cycle 

(7 to 10 days) with restricted nitrogen and phosphorus availability for over five days. The data 

showed that the TOC did not accumulate excessively, especially in the later stages. This 

phenomenon suggests that microalgae may use TOC as an additional carbon source for growth 

and metabolism. This mechanism could be enhanced by optimizing the nitrogen/phosphorus 

ratio in each cycle and effectively managing organic carbon excretion in the media. This 

strategic approach shows potential for reducing the negative impact of dissolved organic 

carbon, allowing it to be used for strong biomass growth and potentially increasing lipid 

accumulation. 
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Fig. 5.9. Repeated fed batch cycle in a photobioreactor (A) dynamic growth profile of four 
cycles in fresh and reused media. (B) Residual Nitrogen concentration and lipid content of four 
cycle in fresh and reused media, with the down arrow represent phosphate feeding. (C) 
Residual phosphate concentration and TOC in fresh and reused media in four cycle 
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Fig. 5.10. Repeated fed batch cycle in a photobioreactor (A) biomass productivity and specific 
growth rate of each four-cycle. (B) CO2 fixation and utilization efficiency in all four cycle of 
repeated fed batch 

 

5.4 Conclusion  

This study highlights the significant interplay between the effect of light, nitrogen, and 

phosphate on microalgae growth, offering valuable insights for the development of targeted 

nutrient management approaches. This breakthrough not only enhances microalgal CO2 

capture and lipid production, but also promotes sustainable water management by effectively 
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controlling organic carbon excretion. The findings present a promising opportunity to enhance 

the production of sustainable microalgal biomass. The adoption of microalgal culture in 

tropical climates, where there is a high light intensity of sunshine and water shortage, promises 

great potential in the future.  This not only allows the effective sequestration of carbon for 

efficient mitigation of CO2 emissions from industrial flue gas, but also enables the generation 

of biofuels within a circular bioeconomic paradigm. 
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Chapter 6 
 

Optimization of Microalgal Harvesting in 
Continuous Growth Phase with Minimal 

Impact on Productivity and Biomass 
Quality 

 
 

6.1 Background and motivation 

This chapter delves into the critical aspects of enhancing productivity, cost-effectiveness, 

and sustainability in CO2 cultivation, with a particular emphasis on optimizing biomass 

harvesting and CO2 conversion efficiency during the continuous growth phase of microalgae. 

The study addresses several challenges inherent in the process, such as CO2 acidification, 

saturation, and the limited access to flue gas concentrations (5-15%), which often hinder stable 

carbon fixation and result in suboptimal biomass productivity over periods of 5-15 days. To 

tackle these challenges, the research investigates various strategies to boost microalgae 

Micractinium pusillum strain growth and CO2 utilization over a 23-day period, specifically 

focusing on the. growth and CO2 utilization over a 23-day period, building upon existing 

literature and previous assessment of this strain, this research introduces a novel approach to 

enhancing microalgal growth and CO2 capture by dynamically adjusting CO2 levels and 

providing specific nutrients. The concept, based on the correlation between CO2 concentration 

and nitrogen fixation rate, suggests that strategic alterations in CO2 concentrations, considering 

nitrogen availability, along with supplemental phosphorus and calcium to induce media 

alkalinity, will significantly improve photosynthetic efficiency, biomass yield, and metabolic 

composition. One of the key approaches involves using urea as a cost-effective nitrogen 

supplement to facilitate growth. The study finds that exposure to 5% CO2 allows for a longer 

growth phase, which is later followed by a transition to 15% CO2. However, this transition to 

higher CO2 levels initially leads to increased media acidity and reduced alkalinity due to 

nitrogen deprivation, resulting in pigment loss and decreased photosynthetic efficiency, 

ultimately impacting carbon assimilation in the biomass. 
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To mitigate these issues, the cultivation strategy is adjusted to start with 15% CO2 and then 

transition to 5% CO2 after 15 days. This method incorporates a calcium-induced phosphorus 

fed-batch approach, effectively reducing media acidification and stabilizing photosynthesis and 

carbonic anhydrase activity. This adjustment leads to a significant 20% increase in CO2 fixation 

and a 15% boost in biomass productivity. Additionally, there is a notable increase in lipid, 

protein, and carbohydrate content, enhancing both carbon and nitrogen assimilation and their 

bioenergy potential. Despite these improvements, the study observes performance declines 

during transitions to air and continuous 15% CO2 conditions, indicating the need for further 

optimization. The SEM-EDX analysis highlights auto-sedimentation dynamics and 

underscores the pivotal roles of calcium and phosphorus in cell aggregation. 

Through a comprehensive batch study, the research aims to investigate the intricate 

relationships between CO2 concentrations, nutrient interactions, and growth kinetics. The 

primary objective is to maximize CO2 fixation while maintaining productivity, thereby laying 

the foundation for sustainable bioproduction and carbon sequestration initiatives. These 

findings offer valuable insights into improving algal bioprocessing for effective CO2 mitigation 

and biochemical production, demonstrating the potential for scalable and feasible application. 

 

6.2 Materials and method 

6.2.1 Microalgal strain and cultivation condition 

In this study, microalgae Micractinium pusillum (KMC8) was used, with urea replacing 

nitrate-based nitrogen in a modified BG-11 medium at a concentration of 17.3 mmol L-1. The 

medium was 121 °C sterilized for 20 min. To prepare the initial inoculum, 500 mL Erlenmeyer 

flasks were incubated at 25 °C in a photo incubator shaker set to a 16:8 h light/dark cycle at 

150 rpm. The light intensity was 150 µmol m-2 s−1. The experiments were carried out in 

triplicate utilizing compounds of analytical grade. 

 

6.2.2 Experiment Photobioreactor set up 

The experiment utilized a 500 mL reagent bottle (Borosil 1501024) with two 

perforations in the screw cap for air exchange as previous described in chapter 5 in section 

5.2.1. A culture volume of 400 mL was employed, with aeration introduced at a controlled rate 
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of 50 mL min-1 using a calibrated rotameter and a stone aerator at the reactor's bottom. The 

setup included subjecting the culture to a light intensity of 150 µmol m-2 s-1 with three cool 

white tube lights, maintaining a 16:8 light/dark cycle at a temperature of 25±3 ℃. Inoculum 

pellet resuspension maintained an initial cell density of 0.1 g L-1, monitored by optical density 

(OD680). pH remained uncontrolled throughout experiments, including inoculum preparation. 

Experiments lasted 23 days, followed by further investigation in a 2 L bubble column 

photobioreactor over a 23-days batch cultivation period, employing optimized conditions for 

feasibility evaluation. Photobioreactor details designed are reported in section 3.2.2. 

 

6.2.3 Culture in different CO2 concentration 

To investigate the interplay between CO2 concentration and urea on photosynthesis, 

growth, and CO2 fixation, KMC8 cultures were aerated with three constant CO2 concentrations: 

0.04% (air), 5%, and 15%, serving as the sole carbon source. This was achieved by substituting 

sodium carbonate with CO2 to create modified BG-11 media. Additionally, the nitrogen source 

was adjusted to a 70.6 mmol/L urea-based nitrogen concentration, replacing nitrate-based 

nitrogen. The choice of nitrogen content was determined based on previous optimization tests 

conducted in chapter 5, which showed that this particular concentration promotes optimum 

growth and enhances carbon capture efficiency at elevated 15% CO2 levels. Desired CO2 levels 

were attained by mixing air and pure CO2 (100%), and the flow rate of the gas mixture was 

controlled using flowmeters. 

 

6.2.4 Schemes of changing CO2 concentration with calcium induced phosphorus fed-

batch 

The CO2 modulation approach was developed based on the performance of microalgae 

under varying CO2 concentrations. Calcium-induced phosphorus fed-batch cultivation was 

employed, achieved through pulse feeding of calcium chloride and potassium phosphate salts 

to reach concentrations of 0.45 mmol/L for calcium and 2.3 mmol/L for phosphorus over a 23-

day cultivation period. The choice of this phosphorus content was based on its beneficial effects 

on growth and lipid formation, as well as its ability to sustain efficient CO2 fixation under 

nitrogen restriction conditions, as seen in our prior experiments in chapter 5 of KMC8. 

Similarly, calcium concentration plays a role in increasing the alkalinity and inducing auto-

flocculation in microalgae. This is achieved by interacting with the natural increase in pH 
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caused by high CO2 fixation and growth. Calcium also interacts with binding bridging forces 

on the microalgal cell surface, leading to the formation of flocculation particles. These particles 

cause the biomass to settle due to its increased density [327,328] . Three different 

methodologies were utilized to assess the impact of CO2 modulation in calcium-induced 

phosphate fed-batch cultivation as shown in Figure 6.1. 

 

 
 

Fig. 6.1. Workflow of process development to enhance CO2 fixation and biomass production 
by microalgae. (a) Experimental setup; (b) Evaluation of CO2 at a constant concentration 
followed by dilution of CO2 concentration under nitrogen limitation conditions; (c) Modulation 
and improvement of physiochemical and biochemical parameters, including nitrogen sufficient 
and limitation, alkalinity, pH, carbonic anhydrase activity (CA), and carbon (C)and nitrogen 
(N) fixation, photosystem II quantum yield (Fv/Fm) and pigment. The Figure illustrates the 
modulation of the growth phase curve over a 23-day cultivation period. 
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6.2.5 Analysis of growth, nitrogen and CO2 fixation kinetics parameter 

The analysis of growth and CO₂ fixation was performed using the protocol described 

in Section 3.2.6.3 by equation 3.7. This involved applying the kinetic equation and logistic 

model as detailed in Chapter 3 and Section 3.21.2. 

The overall carbon and nitrogen elemental biomass productivity (PE mg/L day-1) was 

determined by the following Eq. 6.1 

𝑃ா =
(𝑋௙ × 𝐸௙ −  𝑋௜ × 𝐸௜) 

𝑡௙ − 𝑡௜  
 

(6.1) 

where Ef and Ei, represents the final and initial carbon and nitrogen content (%w/w) in 

final Xf and initial biomass Xi. Carbon and nitrogen content in dry biomass were measured 

using a CHNS analyzer (Perkin Elmer elementary analyzer, PE-2400 series). 

The carbon growth yield coefficient (YC/N) was determined based on the nitrogen 

consumed by Eq.6.2 

𝑌஼/ே =
𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑔)

𝑇𝑜𝑡𝑎𝑙 𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 (𝑔)
 

(6.2) 

Urea was quantified using the diacetyl monoxime method as described by Wybenga et 

al.1971 [329]. The method uses 1:1:1 mixture of mixed acid reagent (containing sulfuric acid, 

ferric chloride and orthophosphoric acid), mixed colour reagent (containing 2% w/v diacetyl 

monoxime and 0.5 % w/v thiosemicarbazide) and distilled water as coloring reagent which on 

reaction with urea at 100°C forms a pink color product. The reagents are prepared freshly 

before the assay and a maximum of 0.1 mL sample was used in the analysis. 

 

6.2.6 Analysis of Photosynthetic performance, pigment, cellular component and 

bioenergy accumulation in biomass  

Photosynthesis performance was analyzed by quantification of pigment using a 

spectrophotometric method and, the maximal photochemical efficiency of Photosystem II 

(Fv/Fm) using a pulse amplitude-modulated fluorometer as described in previous chapter 3 

methodology section 3.2.6.4 by equation 3.11 to 3.14. 
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The analysis of intracellular components, including carbohydrates, proteins, and lipids, 

was conducted as described in Section 3.2.6.5 of the methodology chapter 3. The determination 

of bioenergy content was based on the high heating value (HHV) calculated from the elemental 

composition of biomass and the accumulation of intracellular components, as outlined in 

section 4.5 of the methodology chapter 4, using equations 4.2 and 4.3. 

 

6.2.7 Analysis of alkalinity and TOC 

The cell suspension obtained was harvested and centrifuged at 6000 rpm for 10 minutes 

to pellet down the microalgal cells. The resulting supernatant was used for estimating alkalinity 

and total organic carbon (TOC). Alkalinity was determined as described by  Sun et al., 2005 

[330] via the titration method by mixing the supernatant with excess 0.1N NaOH solution, 

followed by the addition of 10 mL of 20% BaCl2 solution to precipitate BaCO3. 

Phenolphthalein indicator was added, and the solution was titrated with 0.1 N HCl until the 

pink color disappeared, then with methyl orange indicator until a pink color appeared, with the 

quantity of HCl consumed recorded for alkalinity calculation. TOC analysis of the supernatant 

was conducted using a TOC analyzer (model no. 1030, O-I-Analytical, Aurora, USA). 

 

6.2.8 Analysis of carbonic anhydrase activity 

CA activity was assayed electrometrically using a modified procedure of Basu et al., 

2014 [331]. The sample was assayed at 3 °C by adding cells (equivalent to 200 µg Chlorophyll 

a) to 3 ml of HEPES buffer (pH 8.0) and sonicated for 10 min. The reaction was initiated by 

addition of 2 ml ice-cold CO2 water. The time required for the pH to decrease from 8.0 to 7.0 

was measured using digital pH meter (model Orion 3 Star pH Benchtop, Thermo Scientific, 

USA). The enzyme activity in the test sample was calculated using the equation: EU = 

10(T0/T1), where EU is the enzyme unit, T0 is the time required for pH change when sample is 

present, and T1 is the time required for pH change when sterilized distilled water was used in 

place of the algal sample. The periplasmic CA activity was measured with whole intact cells, 

and the total activity was determined on the cell homogenate. The intracellular CA activity was 

calculated by subtracting periplasmic CA activity from the total CA activity in the cell 

homogenate. 

 

TH-3503_176151004



Optimization of Microalgal Harvesting in Continuous Growth Phase 

 

153 

6.2.9 Analysis of cellular aggregation, flocculation and harvesting performance 

Following the experiment's conclusion, aeration ceased, and the culture from the reactor 

system was transferred to a 500 mL beaker, ensuring proper sampling and clear flocculation 

visibility. The beaker, left undisturbed, facilitated subsequent sample collection. Algal samples 

were gently obtained from a 2.5 cm depth without disruption, and absorbance measurements 

were taken at 680 nm every 2 hours. Microalgae morphology and cell abundance were assessed 

using an optical microscope (Motic BA210, China), magnifying from 40x to 100x. 

Additionally, SEM analysis was conducted on fixed samples in 2.5% glutaraldehyde and 

dehydrated in ethanol. Samples were then coated with gold before SEM imaging. Zeta potential 

was measured using a Malvern Zetasizer Nano ZS90. Testing involved evenly dispersed 

microalgae in a cuvette at 25 °C. Harvesting performance was analyzed based on three 

parameters: flocculation efficiency, pre-concentrated biomass density (i.e., sludge density), and 

volume reduction. 

Where slurry density and volume reduction calculated by the equation 6.3 and 6.4 

 

𝑆𝑙𝑢𝑟𝑟𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑇𝑜𝑡𝑎𝑙 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑣𝑜𝑙𝑢𝑚𝑒 × 𝑐𝑒𝑙𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

𝑝𝑟𝑒-𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒𝑑 × 𝑆𝑙𝑢𝑟𝑟𝑦 𝑉𝑜𝑙𝑢𝑚𝑒 
 

(6.3) 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =  
𝑇𝑜𝑡𝑎𝑙 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑣𝑜𝑙𝑢𝑚𝑒 − 𝑆𝑙𝑢𝑟𝑟𝑦 𝑣𝑜𝑙𝑢𝑚𝑒  

𝑇𝑜𝑡𝑎𝑙 𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒  
× 100 

(6.4) 

Following the end of reactor operation from Day 0 to Day 23, the process of sparging 

was totally halted and the culture was transferred to a beaker. Afterwards, a little amount of 

algal sample was carefully obtained from the beaker without causing any disturbance, namely 

from the 0.1 L mark volume, which represents one-fourth of the total culture volume. The 

absorbance was quantified at a wavelength of 680 nm, with measurements taken at regular 

intervals of 1 hour. The quantification of flocculation efficiency was performed using the 

previously reported equation [332]  

𝐹𝑙𝑜𝑐𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 100 × [1 −
஼೟

஼బ
] (6.5) 

where Ct represents the absorbance of the algal culture at 750 nm at time 't', and C0 

represents the absorbance at the start of the experiment (0 hour). In the 2L photobioreactor 

experiment, the same process was followed, but there was no transfer of culture. Instead, the 
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procedure was carried out within the photobioreactor itself. The sample was taken gently using 

a peristaltic pump from one-fourth of the culture volume, namely from the 0.5 L mark. 

 

6.3 Result and discussion 

6.3.1 Impact of CO2 concentration on growth, nitrogen and CO2 fixation  

The results indicate that microalgae consistently exhibited increased biomass 

production under varied CO2 conditions (Figure. 6.2a). Specifically, exposure to 15% CO2 led 

to a biomass concentration of 2.5 g/L by day 23, with a growth rate of 0.145 day-1. In contrast, 

when exposed to 5% CO2, the biomass concentration increased to 2.73 g/L and the growth rate 

reached 0.155 day-1. This surpassed the growth recorded under 15% CO2 and ambient air 

conditions, which resulted in a biomass concentration of 1.78 g/L and a growth rate of 0.128 

day-1, respectively. These findings underscore the critical role of CO2 enrichment in enhancing 

microalgae productivity. The microalgae exposed to 15% CO2 entered the saturation phase at 

a faster rate in comparison to the microalgae exposed to a concentration of 5% CO2. According 

to Figure. 6.2a, the growth continued in the late log phase until day 23 when exposed to 5% 

CO2. However, under 15% CO2 conditions, saturation was reached by day 15. Therefore, 

increasing the CO2 concentration from 5% to 15% resulted in a 10% decrease in biomass 

productivity, with the lowest productivity observed under ambient air conditions (Table 6.1). 

Analysis of the logistic growth curve further validated these findings, revealing the highest 

growth rate at 5% CO2, followed by 15% CO2, while growth significantly decreased under 

ambient air conditions. Figure. 6.2a-d demonstrates that species adaptation to varying CO2 

concentrations has an impact on growth kinetics, photosynthetic efficacy, and nitrogen 

utilization. Previous research found nitrate-based nitrogen fixation yielded similar growth rates 

as urea in KMC8 [333]. However, urea usage boosted biomass productivity by 3%. Previous 

study by  Rosa et al., 2023 [334] have shown urea's dual role as a source of both carbon and 

nitrogen, enhancing biomass productivity by effectively fixing C/N without interfering with 

other nutrients in the media . Thus, under nitrogen limitation, urea promote adjustment in C/N 

metabolism increased biomass productivity [335]. Hence, substituting nitrate with urea proves 

to be a sustainable and efficient option for nitrogen in this situation, given that the elevated 

CO2 concentration increases the need for nitrogen to support optimal carbon fixation and 

production. 
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The optimum CO2 concentration for microalgae growth was found to be 5%, resulting 

in remarkable biomass production and CO2 fixation rates, followed by 15% CO2 and the least 

in ambient air (Table 6.1). The majority of microalgae species exhibited optimal growth and 

productivity in 15-20% CO2. However, their growth performance decreased when CO2 

concentrations exceeded 10%, whereas enhanced growth and productivity were found when 

CO2 levels were reduced to 5% [336]. In KMC8, the introduction of urea-based nitrogen 

initially resulted in rapid development under 15% CO2 circumstances with high nitrogen 

fixation. However, the growth phase was afterwards impacted by nitrogen limitation. 

 

 

Fig. 6.2. Effects of different air/CO2 mixtures (air, 5%, 15%) on various parameters: (a) 
dynamic biomass growth profile modeled using Logistic models, (b) specific growth rate, (c) 
biomass productivity. Error bars depict the standard deviation of n = 2 biological replicates. 
Asterisks indicate significant differences between the !5% the other concentrations, as 
determined by one-way ANOVA (Tukey's method). Significance in growth conditions is 
denoted by different symbols: hash symbol (#p = 0), single asterisk (*p < 0.05), double 
asterisk (** 0.05 < p < 0.5), and triple asterisk (*** 0.5 < p < 1.0). 
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6.3.2 Impact of CO2 concentration on biomass composition and C/N Stoichiometry 

The investigation explored the impact of varied CO2 concentrations on microalgal 

biomass composition and productivity, revealing distinct patterns (Table 6.1). Under 5% CO2 

conditions, lipid, carbohydrate, and protein productivity enhanced notably at 23.14 mg/L day-

1, 48.33 mg/L day-1, and 39.06 mg/L day-1, respectively. Interestingly, lipid production 

increased to 25.2 mg/L day-1 with 15% CO2, possibly due to a 4-day period of nitrogen 

starvation (Figure. 6.2d). In contrast, biochemical productivity decreased significantly in 

ambient air conditions, with protein and carbohydrate productivity at around 30 mg/L day-1 

and lipid productivity at 10.7 mg/L day-1. These findings highlighted the complex relationship 

between CO2 levels, microalgae growth, and metabolite accumulation, with 5% CO2 emerging 

as the most optimal concentration. The metabolite ratio is balanced at this level, and cellular 

carbon and nitrogen production has gone up by 60.47 mg/L day-1 and 6.28 mg/L day-1 in proper 

ratio, respectively. Inadequate carbon availability in the air hinders growth and CO2 capture, 

resulting in decreased productivity. Surprisingly, despite the presence of 15% CO2, carbon 

productivity is lower compared to 5% CO2 (56.15 mg/L day-1), while nitrogen productivity 

stands at 5.08 mg/L day-1. 

This disparity in productivity is attributed to a change in the carbon-to-nitrogen ratio 

induced by nitrogen deficiency at 15% CO2. Urea supplementation emerges as an effective 

strategy for maintaining the proper C/N balance by providing more carbon and nitrogen 

compared to other nitrogen sources, as supported by Rosa et al., 2023 [334]. 

This approach balances carbon and nitrogen metabolism, increasing lipid and 

metabolite production without reducing productivity [198]. An optimum growth requires a 

balanced nutritional composition, with particular attention to the C/N ratio, both externally and 

internally. The metrics YC/N (specific carbon yield on a nitrogen basis) and intracellular C/N 

ratio increased with an increase on CO2 level as shown in Table 6.1. This highlights the 

significant influence of CO2 on the utilization of urea-based nitrogen and the synergistic 

relationship between CO2 and nitrogen in regulating metabolites for biomass production by 

maintaining the intracellular C/N balance. 
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Table 6.1 Comparison of growth parameters, nutrient fixation, total organic carbon in media 
and biochemical productivity performance after 23 days of inoculation in air, 5%, and 15% 
CO2 conditions for microalgae M. pusillum KMC8 (data represents mean ± standard deviation, 
n=3) 

 

6.3.3 Impact of CO2 concentration on photosynthesis and pH dynamics 

In a 23-day growth study, the influence of CO2 levels on KMC8 photosynthesis, 

pigment production, and pH dynamics was examined (Figure. 6.3a-d). Initially, all CO2 

concentrations resulted in increased photosynthetic quantum yield (Fv/Fm) on days 5 and 10, 

with the most significant improvement observed at 15% CO2. However, by day 15, a slight 

decrease in photosynthesis efficiency, particularly pronounced at 15% CO2, was evident 

(Figure. 6.3d). On the 23rd day, the Fv/Fm values reached their minimum in the ambient air 

(0.44), were elevated in 5% CO2 (0.6), and decreased in 15% CO2 (0.48). This indicates a 

potential shift towards nitrogen deficiency in the elevated CO2 environment or carbon 

limitation in the surrounding air, where the value did not exceed 0.6 from the starting point 

(Figure. 6.3b). Chlorophyll levels peaked in ambient air, followed by 5% CO2, while carotenoid 

secretion peaked at 5% CO2 but declined after 15 days at 15% CO2 (Figure. 6.3c & d). 

Simultaneously, the pH levels significantly dropped to 15% CO2 by day 15, indicating that 

acidification and nitrogen deficiency influenced the metabolic adaptation (Figure.6.3a). 

Previous studies show that chlorophyll and carotenoid synthesis decrease between pH 4 and 

7.5, affecting pigment synthesis efficiency in Dunaliella bardawil, Chlorella ellipsoidea and 

Nannochloropsis sp. [78,154,160]. Exposure to 5% CO2 enhanced the energy conversion 

Parameter Unit Air 5% CO2 15% CO2 
Biomass productivity mg L-1 day-1 71.6 ± 2.2 118.7 ± 1.3 107.5±1.8 
Specific growth rate day-1 0.128 ± 0.01 0.155 ± 0.01 0.145 ± 0.01 
CO2 fixation mg L-1 day-1 129.80 ± 

5.37 
221.45 ± 
3.80 

200.8 3± 
3.10 

Total organic carbon mg/L 17.12 ± 0.87  26.54 ± 1.09 83.34 ± 0.65 
Nitrogen utilization rate mg L-1 day-1 33.83 ± 1.97 38.95 ± 2.48 45.97 ± 2.30 
Lipid productivity mg L-1 day-1 10.67 ± 0.24 23.14 ± 1.83 25.2 ± 1.05 
Carbohydrate productivity mg L-1 day-1 30.15 ± 1.87 48.33 ± 1.45 40.28 ± 1.57 
Crude protein productivity mg L-1 day-1 29.48 ± 1.52 39.06±0.50 31.57±1.92 
Carbon productivity mg L-1 day-1 56.15 ± 0.23 60.47 ±1.04 35.24 ±1.23 
Nitrogen productivity mg L-1 day-1 5.08 ± 0.22 6.28 ± 0.07 4.75 ± 0.32 
Cellular C/N quota (gm/gm) 7.42 ± 0.78 9.63 ± 0.62 11.05 + 0.27 
YC/N - 0.93 ± 0.08 1.42 ± 0.15 1.48 ± 0.12 
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efficiency by synthesis of more  pigments [337]. Changes in photosynthetic efficiency have a 

significant impact on cellular carbon and nitrogen fixation processes, as well as growth and 

CO2 assimilation rates by increasing light capturing efficiency [338]. The Fv/Fm ratio, a 

measure of Photosystem II (PSII) photochemistry efficiency, provides insight into microalgae 

stress and photosynthetic health. A value exceeding 0.6 signifies robust photosynthesis, ample 

nutrient presence, and efficient utilization [339]. Monitoring and adjusting nutrient modulation 

conditions using Fv/Fm as a proxy can enhance microalgal growth and productivity. Nitrate 

mitigates acidification but hampers carbon and nitrogen fixation, whereas urea's neutral ionic 

charge makes it a dependable pH buffer [334]. 

 

 

 

Fig. 6.3. Effects of different air/CO2 mixtures (air, 5%, 15%) on various parameters: (a) 
dynamic pH profile, (b) Fv/Fm, (c) total chlorophyll, and (d) carotenoids pigment. All data 
points represent the mean of n = 3 biological replicates; error bars represent the replicates 
standard deviation 
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6.3.4 Process Strategies of CO2 concentration dilution with calcium-induced 

phosphorus fed-batch  

The study observed enhanced microalgae growth in the presence of 15% CO2 compared 

to 5% CO2 and normal air, indicating increased tolerance to high CO2 levels and improved 

photosynthetic activity. However, prolonged exposure to 15% CO2 resulted in rapid culture 

acidification after 15 days, leading to reduced Fv/Fm and pigment loss. In contrast, a prolonged 

growth phase at 5% CO2 showed improved growth and production. This work, together with 

our earlier research, highlights the significant reliance on nitrogen fixation and nitrogen 

availability when carbon is continuously supplied via CO2 [333]. Hence, 5% CO2 level 

maintaining a carbon flow rate (CFR) of 0.1 g/L day-1, can sustain this balance by interacting 

with residual nitrogen for a 23-day development period. However, a 15% CO2 level, which 

maintains a CFR of 0.3 g/L day-1, disrupts this equilibrium quickly. Higher CO2 levels, 

combined with adequate nitrogen supply, control pH and alkalinity by ensuring a balanced C/N 

ratio in the medium, promoted CO2 assimilation, and growth [340,341]. 

From days 0 to 15, a nitrogen concentration of 70–17.67 mmol/L, based on urea, 

promoted substantial growth in an environment with 15% CO2. This showed that there was a 

beneficial interaction between the continuous aeration of 15% CO2 and the buffer capacity, 

leading to efficient dilution of CO2. However, the nitrogen concentration of 14.3 mmol/L after 

15 days was insufficient to sustain photosynthesis and pH regulation in KMC8, indicating the 

presence of nitrogen limitation stress. Fv/Fm can be used to evaluate the nitrogen limitation 

factor, monitor changes in CO2 modulation conditions, and establish a direct relationship with 

the buffer capacity of the medium. Supplementing phosphorus in environments lacking 

nitrogen can enhance the process of CO2 fixation and increase lipid levels, while also sustaining 

biomass production. This shows potential for thriving in situations with limited nutrients. 

Three novel process strategies were investigated to improve photosynthetic efficiency 

and CO2 fixation, especially under nitrogen-deficient conditions. The strategies involved a 

transition from a 15% to a 5% CO2 concentration after 14 days, followed by a switch to regular 

air while maintaining a constant 15% CO2 level. Additionally, phosphorus feed with calcium 

induction was utilized, as depicted in Figure. 6.1. Increased nitrogen labelling optimizes 

photosynthesis by utilizing ample nitrogen and carbon resources, consequently enhancing the 

efficiency of CO2 absorption. This effect has been demonstrated in our previous study (Chapter 

5) and is further supported by the findings of this current study. Our hypothesis is that by 
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modulating CO2 levels to interact with residual nitrogen, we may sustain elevated alkalinity 

and mitigate acidification resulting from CO2 under nitrogen-deprived settings. In Chapter 5, 

it is shown that maintaining a CO2 concentration of 15% results in a pH level below 4 once 

nitrogen becomes restricted. The insufficient nitrogen content is unsuitable for maintaining the 

appropriate pH balance in the microalgal culture medium. 

 

6.3.4.1 Impact of process strategies on improvement of cell growth and biomass 

productivity 

In comparison with previous results obtained at a constant 15% CO2 concentration 

(Section 6.3.1), the introduction of phosphorus supplementation on the 14th day, in conjunction 

with different CO2 modulation, resulted in substantial changes in the growth dynamics of 

microalgae (Figure.6.4a). The study documented a notable alteration in the pattern of the 

logistic growth curve following modifications to the culture conditions on the 14th day. When 

subjected to a consistent 15% CO2 environment and provided with additional phosphorus, the 

biomass quantity increased to 2.6 g/L, confirming the significant influence of phosphorus 

supplementation, in line with our prior investigation  in chapter 5 . The productivity rate was 

measured at 109.8 mg/L day-1, with growth rate of 0.156 day-1 which showed a slight 

improvement compared to the conditions of continuous 15% CO2 without phosphorus 

supplementation.  However, a noticeable growth response occurred when the CO2 

concentration diluted from 15% to 5%, revealing a clear lag period as microalgae adapted to 

lower CO2 levels. This led to an increase in growth to 3.1 g/L, with a productivity of 130 mg/L 

day-1 and growth rate 0.17 day-1, demonstrating significant improvements in productivity of 

122.8% and 11.2% compared to continuous 15% and 5% CO2 conditions, respectively. 

Transitioning to ambient air (15/Air) caused a growth delay but resulted in higher biomass 

growth (1.85 to 2.03 g/L) and productivity (84 mg/L day-1) with growth rate of 0.137 day-1 

compared to continuous air conditions. 

Supplementing with phosphorus enhanced development in habitats with both 15/5% 

CO2 and 15/Air settings, emphasizing the significance of nitrogen and growth-dependent CO2 

control in sustaining uninterrupted microalgal growth. In their studies, Chen et al., 2020; Chen 

and Xu, 2021 [78,160] conducted experiments that demonstrated that elevated CO2 levels 

enhanced the growth and biomass yield of microalgae species Nannochloropsis salina and 

Dunaliella salina. Nevertheless, this study found that the growth rates increased as the 
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concentration of CO2 decreased from high to low levels, as determined by the interpretation of 

the Fv/Fm under nitrogen limitation stress. This underscores the significance of maintaining 

suitable C/N ratios not only in heterotrophic cultures, as noted by Sun et al., 2020 [287],  , but 

also in phototrophic cultures. Adjusting the concentration levels of carbon flow in response to 

the presence of nitrogen from urea improves productivity and aids in the conversion of CO2 

into organic biomass. Prior studies done by  Rosa et al., 2023; Sheng et al., 2022  [198,334] 

have shown that urea has the capacity to liberate carbon molecules to support growth, hence 

possibly mitigating any limitations imposed by carbon availability. 

 

 
 
 
Fig. 6.4. Effect of continuous exposure to 15% CO2 and dilution CO2 concentration from 15% 
to 5% (15%/5%) and 15% to 0.04% (15%/Air) condition in calcium-induced phosphorus fed 
batch on dynamic (a) biomass, (b) carbon and nitrogen-based growth profile modelled using 
Logistic models, and (c) cellular C/N ratio. Asterisks denote significant differences from the 
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continuous 15% CO2 condition and other two CO2 modulation condition using one-way 
ANOVA (Tukey's method) for C/N balance  
 

6.3.4.2 Impact of process strategies on improvement on carbon and nitrogen 

stoichiometry and CO2 fixation 

The microalgae exhibited strong growth in a 15% CO2 environment over a period of 14 

days. This growth was accompanied by constant absorption of carbon and nitrogen, indicating 

the microalgae's ability to adapt to high levels of CO2. This information is shown in Figure 

6.4b. This flexibility enabled a more effective utilization of both carbon and nitrogen, leading 

to improved total growth. Modifying the circumstances on the 14th day by changing the CO2 

ratio from 15% to 5% resulted in a significant rise in both carbon and nitrogen growth, 

suggesting enhanced intake of nutrients. When exposed to a constant level of 15% CO2, with 

a carbon feed rate of 0.3 g/L per day, the growth of carbon biomass significantly rose to 1.4 

g/L. Switching to a 5% concentration of CO2 resulted in a 25% increase in carbon growth, 

however this growth fell by 23% after transitioning back to a normal air condition. Conversely, 

growth that relies on nitrogen remained rather stable across various levels of CO2, emphasizing 

the need of regulating CO2 for achieving optimum growth. The growth that relies on nitrogen 

stayed stable independent of fluctuations in CO2 levels, highlighting the need of controlling 

CO2 levels for achieving the best possible growth. More precisely, when exposed to a 

consistent level of 15% CO2, the growth rate decreased to 0.15 g/L. When the environment was 

changed to normal air on the 14th day, the growth rate stabilized at 0.13 g/L. However, a 

significant alteration took place when the concentration of CO2 decreased to 5%, while the 

levels of nitrogen often reached a maximum of 0.21 g/L. Observations were made on 

fluctuations in the carbon-to-nitrogen (C/N) ratio, where sustained elevated levels of carbon 

dioxide (CO2) resulted in a rise from 7.3 to 9.2. Nevertheless, the act of reducing the 

concentration of CO2 to 5% on the 14th day led to the establishment of a consistent ratio 

ranging from 7.2 to 7.8 (as shown in Figure 6.4c). The described balance is essential for 

optimizing output and fostering development. Microalgae are capable of performing the 

simultaneous conversion of nitrogen into protein-based biomass and carbon into energy 

molecules. This process facilitates the build-up of bioenergy by capturing carbon dioxide and 

converting it into biomass during the process of photosynthesis [338]. 

The manipulation of CO2 levels during cultivation had a substantial impact on the rates 

of photosynthesis and CO2 fixation. At the beginning, in a span of 12 days, the microalgae 
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showed a significant and swift rise in CO2 fixation, going from 168.45 mg/L day-1 to 335.5 

mg/L day-1 (Figure. 6.5a). Nevertheless, as the cultivation persisted with a consistent 15% CO2 

concentration for more than 15 days, the efficiency of CO2 fixation decreased. In contrast, 

maintaining a 5% concentration of CO2 led to consistent rates of CO2 fixation, whereas 

transitioning to regular ambient air resulted in the poorest performance. This observation 

indicates that cellular stress caused by a lack of nitrogen, extended exposure to a high 

concentration of 15% CO2, and limited availability of carbon in normal air conditions led to a 

decrease in photosynthesis and CO2 fixation. Nevertheless, the shift to a 5% concentration of 

carbon dioxide after 14 days seemed to establish advantageous circumstances for facilitating 

the process of CO2 fixation. 

The stability of carbonic anhydrase (CA) activity is crucial for its successful regulation 

of carbon dioxide (CO2) concentrations, as seen in Figure 6.5b of the research. The enzyme's 

efficiency is maximized when carbon dioxide (CO2) levels are kept at around 15% with 5%. 

Any deviations from this particular ratio result in a significant decline in CA activity. 

Throughout the experiment, scientists noted that the continuous exposure of the culture to a 

high concentration of CO2 (particularly 15% CO2) for a duration of 23 days did not facilitate 

effective CO2 fixing. However, it had a negative impact on the system's buffer capacity as 

discuss in further detail section 6.3.4.3. The consequences of variable levels of CO2 are 

substantial: inadequate amounts of CO2 may result in a shortage of accessible carbon for vital 

biological activities, while continuous exposure to elevated amounts of CO2 can result in 

acidification. The acidification has a direct effect on the amounts of inorganic carbon, namely 

bicarbonate, which is strongly associated with the functioning of carbonic anhydrase. This 

stability enables the conversion of bicarbonate to CO2, which is crucial for the efficient 

carboxylation of RuBP [337]. 

This outcome, in conjunction with our prior findings in chapter 5, verifies that the sole 

augmentation in dynamic growth does not solely ascertain the escalation in CO2 necessity 

imperative for sustaining growth. The statement emphasizes the significance of the interaction 

between CO2 in the gaseous phase and other nutrients, specifically nitrogen conditions in the 

media. This interaction plays a crucial role in controlling the carbon demand and aiding the 

adaptation of microalgae to varying CO2 concentrations. Phosphorus availability is crucial for 

maximizing the efficiency of CO2 fixation, especially in conditions where nitrogen is limited. 

The adjustment of carbon flow rate under nitrogen-limiting conditions, along with the 

interaction of phosphorus and calcium-induced alkalinity, significantly enhances and stabilizes 
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CO2 fixation. These factors have been thoroughly discussed in previous sections 6.3. 2 and 

6.3.4.1, respectively. To achieve the best possible dissolution of CO2 and facilitate appropriate 

development, it is crucial to meticulously synchronize the flow of CO2 concentration in the 

medium with the remaining nitrogen levels. This alignment guarantees the preservation of the 

C/N balance and buffer chemistry in the media, establishing optimal conditions for the growth 

of microalgae. 

 

 

 

Fig. 6.5. Effect of continuous exposure to 15% CO2 and dilution of CO2 concentration from 
15% to 5% (15%/5%) and 15% to 0.04% (15%/Air) condition in calcium-induced phosphorus 
fed batch on (a) CO2 fixation in different time intervals, (b) carbonic anhydrase activity. 
Asterisks denote significant differences from the continuous 15% CO2 condition and other two 
CO2 modulation condition using one-way ANOVA (Tukey's method). 
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6.3.4.3 Impact of process strategies on improvement of buffer capacity and 

photosynthesis activity 

The manipulation of CO2 concentrations and the introduction of calcium-induced 

phosphorus feeding have provided significant insights into buffer capacity (Figure. 6.6b and c) 

and photosynthesis activity (Figure. 6.6d and f). pH levels exhibited notable fluctuations over 

the experimental period, with a significant decrease observed from 7.45 to 5.45 in the initial 0-

14 days, indicative of a shift towards acidity (Figure. 6.6b). This decline aligns with previous 

findings suggesting that elevated CO2 concentrations contribute to increased acidity due to 

carbonic acid production [32]. Notably, significant changes occurred on the 14th day, 

particularly in the 15/5% CO2 condition, where the pH increased from 5.02 to 6.68, 

underscoring the adaptability of microalgae. Conversely, minimal pH variation was observed 

in the 15/Air condition, indicating inadequate pH control. Alkalinity mirrored pH trends, 

starting at 6.17 and rising to 13.78 with 15% CO2 before stabilizing between 9.57 to 11.62 with 

the adjustment of CO2 levels (Figure.6.5c). The observations from Figure. 6.6b and c clearly 

indicate the importance of accurate carbon management for the development and production 

of microalgae, particularly under nitrogen-limited stress circumstances. This management is 

necessary to regulate pH and alkalinity and ensure the stability of carbon fixation [33]. Further 

details on this topic will be discussed in the section 6.3.4.3. In addition, the incorporation of 

calcium ions facilitated effective biomineralization, resulting in the creation of calcium 

carbonate [34]. This compound not only modified the pH of the medium but also promoted the 

growth of microalgae and brought about alkalescent characteristics CO2. The proof of concept 

for developing this strategy is evident in its ability to promote cell growth and mitigate the 

negative effects of increased CO2 levels, such as acidity-related losses, during prolonged 

cultivation periods. 

Photosystem quantum yield II (Fv/Fm) showed variation in response to changes in CO2 

concentration, as depicted in Figure. 6.6d. The decrease in pH and alkalinity caused by nitrogen 

deficiency led to a significant decrease in Fv/Fm ,  ratios, even though there was a constant 

15% CO2 supply.. In contrast, the introduction of phosphorus supplemented the nitrogen 

deficiency, consequently improving the activity of photosynthesis. Through CO2 reduction and 

phosphorus adjustment, microalgae were resilient to nitrogen constraint with Fv/Fm ratios 

>0.6. However, both 15/Air and continuous 15% CO2 exhibited suboptimal Fv/Fm ratios below 

0.5, indicating unfavorable photosynthetic behavior in KMC8. This observation aligns with 

findings from our prior investigations, which noted a decline in pigment synthesis and growth 
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inhibition associated with Fv/Fm ratios below 0.5, suggesting stress [2,11]. Reducing the 

concentration of CO2 on the 14th day increased pigment synthesis (Figure. 6.6e and f) 

especially carotenoid synthesis, in nitrogen-deficient conditions, phosphorus increases 

carotenoids to protect against stress [35].  Overall, changes in pH and alkalinity underscore the 

significance of keeping CO2 levels in check to maintain optimal photosynthesis and microalgal 

growth. Phosphorus helps carbon uptake via intracellular nitrogen utilization pathways, so 

optimizing CO2 and phosphorus levels improves physiological process and stabilize carbon 

fixation in conditions of nitrogen limitation [5]. 

 

 
 
Fig. 6.6. Effect of continuous exposure to 15% CO2 and dilution of CO2 concentration from 
15% to 5% (15%/5%) and 15% to 0.04% (15%/Air) condition in calcium-induced phosphorus 
fed batch on (a) specific growth rate, (b) dynamic pH profile, (c) alkalinity, (d) Fv/Fm, (e) total 
chlorophyll and (f) carotenoids pigment. Asterisks denote significant differences from the 
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continuous 15% CO2 condition and other two CO2 modulation condition using one-way 
ANOVA (Tukey's method) for specific growth rate. 

 

6.3.4.4 Impact of process strategies on improvement on metabolite productivity of 

biomass 

The fluctuations in lipid productivity and biochemical composition in microalgae are 

closely linked to the interaction between carbon and nitrogen metabolism under varying CO2 

levels (Figure. 6.7). Under 15% CO2 conditions, lipid productivity peaked at 29.38 mg/L day-

1, with the highest lipid content recorded at 26.24%, illustrating the impact of increased carbon 

availability and nitrogen limitation on lipid synthesis. Concurrently, carbohydrate and protein 

content stood at 36.34% and 35.4%, with respective productivities of 39.75 and 38.04 mg/L 

day-1. Phosphorus addition led to a 17% increase in lipid productivity compared to trials 

without phosphorus under 15% CO2, emphasizing its role in sustaining photosynthesis and 

carbon fixation under nitrogen limitation, vital for cellular growth development. Transitioning 

from 15% to 5% CO2 resulted in a significant increase in metabolite productivity, with lipid 

production reaching 29.845 mg/L day-1, and protein and carbohydrate productivity at 57.30 and 

30.24 mg/L day-1, respectively. However, this change coincided with a decrease in lipid content 

to 22.45%, indicating a shift towards heightened carbohydrate and protein production. 

This underscores the necessity of maintaining a balanced C/N ratio throughout 

cultivation to ensure proper carbon and nitrogen fixation, crucial for CO2 fixation and biomass 

production in biorefinery approaches as we observed the result and discussed under section 

3.2.2. Under 15/AIR conditions, lipid productivity dropped to 15.87 mg/L day-1 due to limited 

carbon availability, prompting microalgae to allocate resources towards carbohydrate and 

protein synthesis, evident by higher carbohydrate and protein values at 38.85% and 40.56%, 

respectively. The shift from a 15% CO2 concentration to a 5% CO2 concentration resulted in a 

significant rise in the production of lipids, carbohydrates, and proteins. This demonstrates the 

ability of microalgae to adapt to different levels of CO2 by efficiently utilizing carbon and 

nitrogen for biomass development, while maintaining a stable C/N ratio, as discussed in section 

3.2.3. Phosphorus addition enhances cellular growth by bolstering ATP production through the 

oxidative phosphorylation pathway [219]. 
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Fig. 6.7. Effect of continuous exposure to 15% CO2 and dilution of CO2 concentration from 
15% to 5% (15%/5%) and 15% to 0.04% (15%/Air) condition in calcium-induced phosphorus 
fed batch on biochemical composition productivity  
 

6.3.5 Induced of self -flocculation mechanism in microalgae 

The study explored enhancing biomass harvesting efficiency in microalgae by inducing 

self-flocculation mechanisms through Ca2+ ion addition and CO2 level adjustments (Figure. 6.8 

and 6.10). Assessment of flocculation efficacy revealed varied outcomes across modulation 

conditions (Figure. 6.8a). A 15%/Air modulation achieved 100% success within 100 hours, 

sustained for an additional 20 hours. Similarly, modulation from 15% to 5% CO2 showed 

consistent growth, reaching 96.17% after 100 hours and peaking at 100% after 120 hours. 

Continuous exposure to 15% CO2 yielded steady but lower efficiency, stabilizing at 84.45% 

after 120 hours. Notably, the 15/5% CO2 experimental condition exhibited the highest 97.6% 

volume reduction efficiency due to the initial highest cell density (Table 6.2), reducing 

centrifugation load and power consumption for subsequent harvesting processes the detail from 

cultivation to dewatering represent in Figure. 6.9b and c. Phosphorus and calcium 

supplementation alongside CO2 regulation enhanced buffer capacity, influencing alkalinity and 

carbonic anhydrase activity, subsequently improving photosynthetic efficiency. Zeta potential 

analysis indicated maximum values in the 15 to air dilution condition, followed by 15% to 5% 

CO2 dilution, and the lowest in continuous 15% CO2 (Figure.6.8a). Higher zeta potential in air, 

moving towards neutrality, suggests stronger particle aggregation on cell surfaces, enhancing 

flocculation efficiency [342]. Under 15% CO2, increased zeta potential may disperse 

microalgae cells, reducing flocculation efficiency. SEM-EDX analysis indicates significant 

 

TH-3503_176151004



Optimization of Microalgal Harvesting in Continuous Growth Phase 

 

169 

calcium, magnesium, and phosphorus ions on cell surfaces under air and 5% CO2, favoring 

flocculation (as shown in Figure. 6.9). Modulating ions and CO2 levels induces self-

flocculation, improving biomass harvesting sustainability. Gradual increase in pH and 

alkalinity cause ion precipitation, notably calcium, magnesium, and iron, facilitating auto-

flocculation and validating effectiveness [332]. 
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Fig. 6.8. (a) Flocculation efficiency and Zeta potential at 15% CO2 and 15%/5% and 15%/Air 
condition in calcium-induced phosphorus fed batch, (b) Microscope images of microalgal cell 
after flocculation at (i) normal BG-11 media (ii) 15% CO2 (iii)15%/5% (iv) 15%/Air, and (c) 
dissolve organic carbon in media 

 

(a) 

(b) 
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Fig. 6.9. Scanning Electron Microscopy-Energy Dispersive X-ray spectroscopy (SEM-EDX) 
analysis of microalgal cells under different conditions: (a) (i) & (ii) 15% CO2, (b) (i) & (ii) 
15%/5% CO2 concentration, and (c) (i) & (ii) 15%/Air condition in calcium-induced 
phosphorus fed batch. 
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Fig. 6.10. (A) Schematic diagram of the bench-top customized experimental setup. (B) Image 
of the culture broth in beaker used for slurry depth and volume analysis. (C) Images showing 
the slurry volume after removing the culture media 

 

 

TH-3503_176151004



Chapter 6 

 

172 

Table 6.2: Harvesting performance in different CO2 modulation strategies in terms of slurry 
density and volume reduction 

Culture condition Cell density 
(g/L) 

*Slurry density 
(g/L) 

**Volume reduction 
(%) 

15% (+ Ca2+) 2.63 67.56 96.56 
15/5 (+ Ca2+) 3.1 84.23 97.12 

15/Air (+ Ca2+) 2.05 61.99 94.12 
15/Air (- Ca2+) 1.98 - - 

 

6.3.6 Photobioreactor study key findings, and future perspectives 

The research investigated the use of an optimized CO2 dilution technique in a 

photobioreactor. This technique included employing a 15/5% CO2 calcium-induced 

phosphorus fed-batch method. The findings obtained were statistically significant and are given 

in Table 6.3. The rate of CO2 fixation increased to 264.55 mg L-1 day-1 mostly due to the bubble 

column's larger vertical size, which resulted in a longer retention time. The biomass density 

saw a significant rise to 3.23 g L-1 day-1, leading to a notable enhancement in metabolic output. 

This was shown by the production of high cell density biomass, as seen in Figure. 6.11, which 

represents the culture density in the experimental setup. The biomass exhibited an impressive 

settling efficiency of 96% during a span of one hour, accompanied by a decrease of 92.3% in 

the culture volume relative to the entire culture volume. This led to notable energy conservation 

After undergoing centrifugation, the total output of wet biomass is 5.25 g. The culture volume 

is decreased from 2 L to 0.15 L, shown in Figure.6.12. Moreover, there was a reduction in the 

release of organic carbon, enhancing the potential for reusing the medium in future growing 

cycles. This optimized approach not only highlights its effectiveness in CO2 capture and 

biomass production but also surpasses prior studies employing alternative energy-saving 

harvesting technologies in continuous culture phases. It underscores the focus on advancing 

sustainable practices and cost-efficiency within photobioreactor operations, paving the way for 

more efficient biomass production and resource utilization. 

Cellular elemental analysis and metabolite-based bioenergy accumulation demonstrate 

enhanced energy content, driving sustainable bioprocess engineering. These findings 

underscore the potential for scalable, environmentally responsible biomanufacturing, aligning 

with principles of cleaner production, circular economy, and CO2 capture. This study marks 

significant progress in leveraging algae for CO2 capture and biomass generation, promoting 

cleaner and more sustainable production techniques. Future research should focus on 
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optimizing carbon capture effectiveness and reducing medium acidity through flue gas 

utilization and urea addition. Investigating methods to understand nitrogen and CO2 

concentration limitations through air dilution can enhance algae growth stability and carbon 

assimilation efficiency. Continuous evaluation of carbon capture systems is crucial to ensure 

long-term stability and adaptability, emphasizing alkalinity preservation, metabolite 

production maximization, and lipid storage optimization. Exploring sulfur and nitrogen 

compounds in flue gases offers novel pH regulation strategies in photobioreactors, supported 

by optimizing the Fv/Fm ratio for efficient carbon and NOX/SOX compound fixation. Utilizing 

cost-effective urea supplementation and pre-cultivation in flue gases can enhance algae's 

resilience to CO2 and hazardous chemicals, facilitating large-scale industrial applications. 

Resource extraction from sulfur and nitrogen oxides in flue gases presents opportunities to 

address CO2 excess and media acidification challenges in algae cultivation. 

 

 
 

Fig. 6.11. Photobioreactor setup with a high culture cell density of 3.23 ± 0.23, using a 2-liter 
working volume. This was achieved by applying an optimized calcium-induced fed-batch 
process with CO2 modulation over a 23-day cultivation period. Results represent the mean of 
n = 2 biological replicates; error bars indicate the standard deviation of the replicates. 
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Fig. 6.12. Image displaying the scale and value of volume reduction after the auto-sediment 
process and the density of wet algal biomass pellets after 60 minutes. 
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Table 6.3 Summary of growth parameters, CO2 fixation efficiency, Total organic carbon in 
media, biochemical productivity, elemental analysis, and energy potential of M.pusillum in a 
15% to 5% CO2 dilution within a calcium-induced fed-batch cultivation optimized strategy 
over 23 days in a closed photobioreactor ((data represents mean ± standard deviation, n=2) 

Parameters  Value  

Biomass yield  3.23 ± 0.23 

Biomass productivity (mg/L day-1) 136 ± 1.43 

Specific growth rate (day-1) 0.172 ± 0.01 

CO2 fixation efficiency (mg/L day-1) 264.53 ± 2.56 

Total organic carbon (mg/L) 31.45 

Lipid productivity (mg/L day-1) 41.45 ± 1.03 

Carbohydrate productivity (mg/L day-1) 52.45 ± 1.23 

Crude protein productivity (mg/L day-1) 56.57 ± 1.65 

Carbon (%DCW) 53.12 ± 1.22 

Hydrogen (%DCW) 7.08 ± 1.56 

Nitrogen (%DCW) 6.65 ± 0.78 

Sulphur (%DCW) 0.216 ± 0.03 

HHV (kJ/g) 23.40 ± 1.67 

Bioenergy yield (kJ) 65.14 ± 2.12 

 

6.4 Conclusions  

This study sheds light on the significant challenges hindering the widespread adoption of 

microalgal CO2 cultivation, with a focus on productivity, cost-effectiveness, and environmental 

sustainability. Addressing issues such as CO2 acidification and saturation is imperative for 

achieving stable carbon fixation. The study highlights the crucial role of maintaining high 

nitrogen availability to support growth and CO2 fixation, effectively mitigating media 

acidification in coal-based CO2 environments. Despite the initial growth benefits associated 
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with exposure to 15% CO2, challenges such as nitrogen deprivation and reduced photosynthetic 

efficiency emerge. To address these challenges, a novel approach is proposed, involving the 

implementation of calcium-induced phosphorus-fed samples and a gradual reduction of CO2 

concentration through air dilution over a 15-day period. This approach enhances biomass 

productivity, CO2 fixation, and induces self-flocculation. Furthermore, the selected strain 

demonstrates remarkable tolerance to toxic flue gas compounds, enhancing its suitability for 

real-world applications. These findings, along with previous research, underscore the 

importance of effectively managing CO2-based carbon flow, nitrogen availability, and light 

exposure during the growth phase. By carefully controlling these parameters and leveraging 

Fv/Fm measurements, promising opportunities emerge for efficiently capturing CO2 emissions 

from coal-based industries. This can be achieved through the utilization of cost-effective urea 

supplements and innovative dilution techniques with air, resulting in a reduction of harmful 

emissions and facilitating the transformation of flue gas components into valuable 

biochemicals by microalgae. Aligned with the objectives of the Paris Agreement and UN 

sustainable development goals, this innovative approach offers a greener and more sustainable 

pathway for microalgal CO2-based carbon-negative biomanufacturing processes with long 

term stability in terms of performance. 
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Chapter 7 
 

Overall Conclusion and Future scope 
 
 

7.1 Conclusions 

This research underscores the potential of microalgae as a sustainable solution for CO₂ 

sequestration and biofuel production. Despite the significant challenges associated with 

microalgal cultivation, including low CO2 capture efficiency, sensitivity to abiotic stresses, 

high water and nutrient demands, and difficulties in large-scale harvesting, the findings of this 

thesis provide promising solutions. The screening and acclimatization of 13 microalgal strains, 

particularly NCIM5584 and KMC8, demonstrated significant resistance to industrial flue gas 

components, with KMC8 showing exceptional performance in biomass production, CO₂ 

fixation, and lipid accumulation. 

The adaptive mechanisms of Micractinium pusillum KMC8 demonstrate its ability to 

sustain photosynthetic efficiency and bioenergy content in response to changes in light and 

temperature conditions. The study emphasized the crucial influence of nutrient levels and light 

intensity on the utilization of CO₂ and the production of lipids, with optimized circumstances 

greatly improving the amount of biomass and lipids produced. In addition, the implementation 

of novel techniques to regulate CO₂ levels and provide specific nutrient supplements, such as 

the use of a calcium-induced phosphorus fed-batch method, effectively prevented media 

acidification and maintained stable photosynthetic activity. As a result, there were significant 

enhancements in CO₂ utilization and biomass production. 

This thesis clearly illustrates the feasibility and efficiency of using comprehensive 

methods of screening and strategic process engineering to improve the development of 

microalgae, promote photosynthesis, decrease CO₂ emissions, and greatly augment bioenergy 

generation. The findings provide essential knowledge for the widespread and sustainable use 

of microalgae in capturing CO₂ and generating biofuels. This highlights their potential for 

effective bioprocessing, carbon capture, efficient biomass collection, and water reuse. 
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This study enhances microalgal adaptation for efficient carbon fixation, biochemical 

conversion, and the release of organic carbon for water recyclability by using effective process 

engineering strategies and tailored culture approaches. These developments are crucial in the 

development of carbon-negative and circular bioeconomy bioenergy production systems using 

microalgae. They represent a significant progress in renewable energy and environmental 

sustainability. 

 

7.2 Future Prospects 

 

1. Field Trials and Pilot Projects: Conduct field trials and pilot projects to verify the 

accuracy of laboratory results in real-life situations, showcasing the practical usability and 

scalability of the suggested solutions. 

2. Industrial Wastewater and Flue Gas Utilization: By using actual industrial effluent and 

flue gas, it is possible to fulfil the significant water and nutrient requirements, so improving 

the overall sustainability of the process and achieving a more carbon-negative and 

environmentally friendly bioenergy production system.  

3. Optimized Photobioreactor Designs: Enhancing photobioreactor designs and cultivation 

systems via the use of sophisticated sensor technologies and automated control systems 

may lead to improved physiochemical regulation, increased carbon capture, enhanced 

conversion yield into biomass, and decreased operating costs. 

4. Co-product Exploration: Explore the feasibility and benefits of using co-products such as 

biofertilizers, bioplastics, and high-value chemicals in conjunction with biofuel production 

to improve the economic viability and sustainability of microalgal biorefineries. 

5. Economic and Life Cycle Analyses: Perform thorough economic and life cycle 

assessments to evaluate the practicality and ecological consequences of implementing 

large-scale microalgal carbon capture and biofuel production. This will provide valuable 

information for expanding and incorporating these processes into current industrial 

systems. 
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